-  ''AD- A 1 36  945  EROSION  CONTROL  OF  SCOUR  DURING  CONSTRUCTION  REPORT  4  1  ft 

STABILITY  OF  UNDERL..IU)  ARMY  ENGINEER  WATERWAYS 
EXPERIMENT  STATION  VICKSBURG  MS  HYDRA.. 

UNCLASSIFIED  L  Z  HALES  ET  AL .  JUN  83  WES/TR/HL-80-3-4  F/G  8/3  NL 


■ 

a 

■ 

■ 

1. 

JU 

■a* 

e 

FBI 

□  r 

a 

ta 

■ 

j 

hi 

n 

n 

n 

La 

a 

a 

l« 

a 

1 

”1 

w 

7 

rr 

a 

i 

r 

1 

MICROCOPY  RI.SOUHION  IIS!  CHARI 


ft 


US  Army  Corps 
of  Engineers 


-Q 


TECHNICAL  REPORT  HL-80-3 


EROSION  CONTROL  OF  SCOUR 
DURING  CONSTRUCTION 

Report  4 

STABILITY  OF  UNDERLAYER  MATERIAL 
PLACED  IN  ADVANCE  OF  CONSTRUCTION 
TO  PREVENT  SCOUR 

Hydraulic  Model  Investigation 

by 

Lyndell  Z.  Hales,  James  R.  Houston 
Hydraulics  Laboratory 

U.  S.  Army  Engineer  Waterways  Experiment  Station 
P.  O.  Box  631,  Vicksburg,  Miss.  39180 


June  1983 

Report  4  of  a  Series 


Approved  For  Public  Release,  Distribution  Unlimited 


Prepared  tor  Office,  Chief  of  Engineers,  U  S.  Army 
Washington,  D.  C.  20314 


83  12  16  090 


Destroy  this  report  when  no  longer  needed.  Do  not 
return  it  to  the  originator. 


\ 


The  findings  in  this  report  are  not  to  be  construed  as  an 
official  Department  of  the  Army  position  unless  so 
designated  by  other  authorized  documents. 


The  contents  of  this  report  are  not  to  be  used  for 
advertising,  publication,  or  promotional  purposes. 
Citation  of  trade  names  does  not  constitute  an 
official  endorsement  or  approval  of  the  use  of  such 
commercial  products. 


The  covers  of  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(WES)  engineering  and  scientific  reports  have  been  redesigned.  Each 
WES  Laboratory  and  support  organization  will  have  its  own  distinctive 
color  imprinted  on  white  coverstock.This  standardizes  WES  publica¬ 
tions  and  enhances  their  professional  appearance. 


-”*wa»telrt 


U nc  Ijaiiil  icd 

SECURITY  CLASSIFICATION  OF  THIS  PACE  (Whmn  Dmtm  Fn tmrmd) 


REPORT  DOCUMENTATION  PAGE 


.  REPORT  NUMBER 

technical  Repot  t  HL-80-  ) 


4.  TITLE  (end  Subtitle) 

EROSION  CONTROL  OF  SCOUR  DURING  CONSTRUCTION;  Report  4,  MARII.m 
OK  UNDERLAYER  MATERIAL  PLACED  IN  ADVANCE  OF  CONSTRUCTION  10 
PREVENT  SCOUR;  Hydraulic  Model  Investigation 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


3.  RECIPIENT'S  CATALOG  NUMBER 


5  TYPE  OF  REPORT  4  PERlOO  COVERFD 


?-  AUTHORfe; 

Lyndell  Z.  Hales 
James  R.  Houston 


9.  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

U.  S.  Army  Engineer  Waterways  Experiment  Station 
Hydraulics  Laboratory 
P  0.  Box  631 ,  Vicksburg,  Miss.  3‘MBO 


11.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Office,  Chief  of  Engineers.  U.  S.  Army 
Washington,  0.  C.  203)4 


kepor  l  4  ot  .»  series 


6  PERFORMING  ORG.  REPORT  NUMBER 


8.  CONTRACT  OR  GRANT  NUMBERS) 


10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  4  WORK  UNIT  NUMBERS 


13.  NUMBER  OF  PAGES 


4.  MONITORING  AGENCY  NAME  4  AOORESSf/f  different  from  Controlling  Office;  IS.  SECURITY  CLASS,  (of  thlm  rmport) 

I'm  I  ass  1 1  i«-.l 


15a.  DECLASSIFICATION  OOWnGRAOiNG 
SCMCOULE 


1«.  DISTRIBUTION  STATEMENT  (ot  thlm  Rmport) 


Approved  for  public  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (of  f/io  abstract  entered  In  Block  20,  It  different  from  Rmport) 


SUPPLEMENTARY  NOTES 

Available  from  National  Technical  Information  Service,  SJBS  Port  Royal  Road,  Springfield.  V  a .  -VIM 


19.  KEY  WORDS  (Continum  on  reeeree  mldm  If  neceeeary  end  Idmntlly  by  block  nutnbmr) 

Coastal  structures 
Erosion  control 
HvtJraullr  models 
Scour 

Water  waves 


M.  AWE  TRACT  fCwfe  en  rmrmrwm  el*  I#  nereeeery  mod  idmn/lty  by  block  numbmr) 
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CONVERSION  FACTORS,  U.  S.  CUSTOMARY  TO  METRIC  (SI) 
UNITS  OF  MEASUREMENT 


U.  S.  customary  units  of  measurement  used  in  this  report  can  be  converted  to 
metric  (SI)  units  as  follows: 


Multiply 


To  Obtain 


feet 

feet  per  second 
gallons  per  minute 
inches 

pounds  (force)  per 
square  inch 

pounds  (mass) 

pounds  (mass)  per 
cubic  foot 

pounds  (mass)  per 
square  foot 

square  feet 

tons  (2,000  lb,  mass) 


0.3048 

0.3048 

3.785412 

25.4 

6894.757 


metres 

metres  per  second 

cubic  decimetres  per  minute 

millimetres 

pascals 


0.4535924 

16.01846 

4.882428 

0.09290304 

907.1847 


kilograms 

kilograms  per  cubic 
metre 

kilograms  per  square 
metre 

square  metres 
kilograms 


\ 
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EROSION  CONTROL  OF  SCOUR  DURING  CONSTRUCTION 


STABILITY  OF  UNDERLAYER  MATERIAL  PLACED  IN 
ADVANCE  OF  CONSTRUCTION  TO  PREVENT  SCOUR 

Hydraulic  Model  Investigation 


PART  I:  INTRODUCTION 
Statement  of  the  Problem 

1.  When  major  stone  structures  such  as  jetties  or  breakwaters  are 
erected  in  the  coastal  zone,  they  alter  the  existing  tidal,  wave- induced ,  or 
wind-driven  currents.  Waves  breaking  on  such  structures  under  construction 
may  cause  bottom  material  to  be  suspended  and  transported  from  the  region  by 
these  currents.  This  removal  of  material  is  often  not  compensated  for  by  an 
influx  of  additional  material,  and  the  result  is  a  scour  hole  that  usually 
develops  in  the  near  vicinity  of  the  toe  of  the  partially  completed  structure. 
Any  such  scour  area  must  be  filled  with  nonerodible  material  (sufficiently 
stable  to  withstand  the  environmental  forces  to  which  it  will  be  subjected) 

to  allow  construction  to  continue  and  to  ensure  stability  of  the  structure. 

Scour  problems  may  result  in  additional  quantities  of  material  being  required 
during  construction  in  the  nearshore  zone  and  thus  may  lead  to  substantial 
cost  overruns.  Such  cost  overruns  attributable  to  scour  problems  have  been 
documented  by  Hales  (1980). 

2.  For  many  years  it  has  been  realized  that  rubble-mound  structures  such 
as  breakwaters,  jetties,  and  groins  should  be  placed  on  an  underlayer  for  foun¬ 
dation  purposes  where  the  bottom  soil  conditions  are  unfavorable.  Quinn  (1961), 
discussing  the  design  and  construction  of  ports  and  marine  structures,  noted 
that : 

....A  rock-mound  breakwater  will  withstand  a  considerable 
amount  of  settlement  as  the  nature  of  its  construction  per¬ 
mits  internal  adjustment  to  take  place  without  affecting  its 
overall  strength.  The  amount  of  settlement  should  be  esti¬ 
mated  and  allowed  for  in  determining  the  height  to  which  the 
breakwater  is  to  be  constructed;  otherwise  the  top  may  even¬ 
tually  have  to  be  raised ... .Whenever  a  rock-mound  breakwater 
is  to  be  constructed  on  a  soft  bottom  it  is  important  first 
to  place  a  layer  of  rock  over  the  bottom  for  a  width  con¬ 
siderably  wider  than  the  base  of  thp  breakwater.  The 

U 


purpose  of  this  is  not  only  to  distribute  the  load  over  a 
wider  base  but  also  to  prevent  shear  failure  and  erosion 
of  the  underlying  soil  at  the  toe  of  the  rock  mound.... 

The  Office,  Chief  of  Engineers  (1963),  in  providing  guidance  for  the  design 

of  breakwaters  and  jetties  to  field  offices,  elaborates  on  the  fact  that: 

....Wave  forces  acting  against  a  breakwater  have  been 
found  to  attack  the  natural  bottom  and  the  foundations 
of  the  structures,  even  at  depths  usually  supposed  to  be 
little  affected  by  such  forces.  Where  a  natural  bottom 
exists  which  might  be  subjected  to  excessive  scour,  the 
structure  can  be  protected  by  use  of  a  blanket  mat.  Each 
area  will  be  somewhat  different,  but  a  blanket  consisting 
of  a  well-graded  mixture  of  quarry-run  stone  varying  in 
size  from  a  few  pounds  up  to  several  hundred  pounds 
weight,  and  having  a  thickness  of  only  a  few  feet,  will 
suffice  for  many  conditions.... 

3.  Likewise,  scour  and  erosion  of  foundation  material  around  major 
structures  during  construction  in  the  nearshore  zone  are  well-known  and 
continuing  problems.  Over  the  years,  those  responsible  for  the  integrity 
of  such  structures  have  developed  construction  techniques  to  minimize  quantity 
and  cost  overruns.  Because  of  varying  wave  and  current  conditions  from  one 
locality  to  another,  those  techniques  that  are  optimum  for  one  location  may 
not  be  applicable  to  another  region.  While  in  most  cases  these  procedures 
are  regional  in  nature,  it  is  generally  accepted  that  most  major  stone  struc¬ 
tures  require  a  foundation  blanket  as  a  bearing  surface  to  support  the  mass 
of  the  structure  above,  and  to  serve  as  scour  protection  during  the  actual 
construction.  The  thickness  and  design  features  of  this  blanket  of  underlayer 
material  vary  with  location,  but  have  historically  been  on  the  order  of  2  to 
5  ft*  thick  and  have  extended  on  either  side  of  the  structure  from  5  to  25  ft 
beyond  the  toe.  This  foundation  blanket  of  underlayer  bedding  material  also 
has  been  placed  along  the  axis  of  the  structure  ahead  of  the  core  construction 
for  varying  distances  to  prevent  scouring  which  could  potentially  undermine 
the  working  section.  Currently,  this  is  the  most  widely  used  construction 
practice  to  reduce  scour  problems  that  occur  during  construction  in  the 
nearshore  zone. 


*  A  table  of  factors  for  converting  U.  S.  customary  units  of  measurement  to 
metric  (ST)  units  is  presented  on  page  3. 


4.  The  purpose  of  this  study  was 
that  for  given  expected  wave  conditions 
acteristics  of  the  underlayer  material 
placed  in  advance  of  construction  that 
tion.  Presently,  there  is  no  guidance, 
error  actions  must  be  used  whenever  a  s 
stances,  construction  cost  may  be  much 
rial  is  larger  than  that  required  or  pi 
than  is  necessary.  In  other  cases,  the 
quired  or  the  spatial  extent  of  its  pla 
quate,  and  scour  problems  may  develop  a 
ance  minimizes  costs  and  ensures  stabil 
of  construction  (and  thus  stability  of 


to  develop  equations  or  design  curves 
would  provide  design  guidance  on  char- 
(stone  size  and  length  of  blanket) 
ensure  its  stability  during  construc- 
and  consequently,  expensive  trial-and- 
tructure  is  constructed.  In  some  in- 
greater  than  necessary  since  the  mate- 
aced  farther  in  advance  of  construction 
material  may  be  smaller  thin  that  re¬ 
cement  ahead  of  construction  inade- 
nd  increase  costs.  Proper  design  guid- 
ity  of  the  material  placed  in  advance 
the  sand  bottom). 


PART  IT:  PHYSICAL  MODEL  DESIGN 


General  Considerations 

5.  A  rubble  structure  is  composed  of  several  layers  of  random-shaped 

and  random-placed  stones,  protected  with  a  cover  layer  of  selected  armor  units 
of  either  quarrystones  or  specially  shaped  concrete  units.  Armor  units  in  the 
cover  layer  may  be  placed  in  an  orderly  manner  to  obtain  good  wedging  or  inter¬ 
locking  action  between  individual  units,  or  they  may  be  placed  at  random.  Wave 
action  against  such  a  rubble  structure  will  often  scour  the  natural  bottom  and 
the  foundation  of  the  structure,  even  at  depths  usually  considered  unaffected 
by  such  action.  A  foundation  bedding  of  underlayer  material  should  be  used  to 
protect  the  structure  from  undermining  except:  (a)  where  depths  are  many 
times  greater  than  the  maximum  wave  height,  or  (b)  where  the  *‘om  is  a  hard, 
durable  material  such  as  bedrock.  When  large  quarrystones  ai  ilaced  directly 
on  a  sand  foundation  at  depths  where  waves  and  currents  act  c  ~ne  bottom,  the 
rubble  will  settle  into  the  sand  until  it  reaches  the  depth  1  which  the 

sand  will  not  be  disturbed.  Large  amounts  of  material  may  be  ,uired  to  al¬ 
low  for  this  loss  during  construction. 

Design  Wave  Selection 

6.  The  choice  of  the  design  wave  height  depends  on  whether  the  struc¬ 
ture  is  subjected  to  the  attack  of  nonbreaking,  breaking,  or  broken  waves,  and 

on  the  geometrical  and  porosity  characteristics  of  the  structure.  The  type  of 
wave  action  experienced  by  a  structure  may  vary  with  position  along  the  struc¬ 
ture  and  with  water  level  and  time  at  a  given  structure  section.  For  these 

reasons,  wave  conditions  should  be  determined  at  various  points  along  a  struc¬ 

ture  and  for  various  water  levels.  Critical  wave  conditions  that  result  in 
maximum  forces  on  structures  such  as  groins,  breakwaters,  or  jetties  may  be 
found  at  a  location  other  than  the  seaward  end  of  the  structure. 

7.  If  breaking  in  shallow  water  does  not  limit  wave  height,  a  non¬ 
breaking  wave  condition  exists.  For  nonbreaking  waves,  the  design  height  is 
selected  from  a  statistical  height  distribution.  The  selected  design  height 
depends  on  whether  the  structure  is  defined  as  rigid,  semirigid,  or  flexible. 
For  flexible  structures,  such  as  rubble-mound  structures,  the  design  height  is 


usually  taken  as  the  yearly  significant  wave  heigv’*  ,  H  "  f Lf .  S.  Army  CKHC 
1977),  where  is  the  average  of  the  highest  one-third  of  waves  in  a  storm. 

Waves  higher  Mian  impinging  on  flexible  structures  for  short  durations  of 

time  seldom  create  serious  damage  although  some  stone  may  he  displaced  (reha¬ 
bilitation  is  relatively  easy  to  perform). 

8.  Damage  to  rubble-mound  structures  is  usually  progressive,  and  an  ex¬ 
tended  period  of  destructive  wave  action  is  required  before  a  structure  ceases 
to  provide  protection.  It  is  therefore  necessary  in  selecting  a  design  wave 
to  consider  both  frequency  of  occurrence  of  damaging  waves  and  economics  of 
construction  and  maintenance.  While  hurricanes  occasionally  (although  infre¬ 
quently)  occur  along  the  Atlantic  and  Gulf  coasts  of  the  United  States,  it  may 
be  uneconomical  to  build  a  structure  that  could  withstand  hurricane  condi¬ 
tions;  hence  Hg  is  a  reasonable  design  wave  height.  On  the  North  Pacific 
coast  of  the  United  States,  the  weather  pattern  is  more  uniform,  and  severe 
storms  are  likely  to  occur  each  year.  The  use  of  as  a  design  wave  height 

under  these  conditions  could  result  in  extensive  annual  damage  and  frequent 
maintenance  because  of  the  higher  frequency  and  duration  of  waves  greater  than 
Hs  in  the  spectrum.  Here,  a  higher  design  wave  of  about  may  be  advis¬ 

able.  (Hjq  is  the  average  of  the  highest  10  percent  of  the  waves,  whereas 
Hg  is  the  average  of  the  highest  33  percent  of  the  waves  at  a  given  location.) 
The  distribution  of  significant  wave  heights,  ,  from  coastal  wave  gages 

(except  for  the  North  Pacific)  is  shown  in  Figure  1.  The  selected  design  wave 
is  used  to  determine  the  weight,  W  ,  of  the  cover  layer  of  armor  units  as: 


W 


u3 
ui  H 

r _ 

Kn(S  -  l)3  cot  0 
D  r 


'  1  ) 


whe  re 

W  =  weight  of  an  individual  armor  unit  in  the  primary  cover  layer,  II 
uj^  =  unit  weight  of  rock,  lb/ft3 
H  =  design  wave  height  at  the  structure,  ft 


For  convenience,  symbols  are  listed  and  defined  in  the  Notation  (Ap¬ 
pendix  C). 
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7  8  9  10  20  30  40  50  60  70  80  90  100 

Percent  Greater  than  Indicated  (,rom  Thompson  and  Homs.  1972) 


Kp  =  stability  coefficient  that  varies  primarily  with  the  shape  of  the 
armor  units,  roughness  of  the  armor  unit  surface,  sharpness  of 
edges,  and  degree  of  interlocking  obtained  in  placement, 
dimensionless 

S  =  specific  gravity  of  armor  unit  relative  to  the  water  at  the  struc¬ 
ture  (S  =  u>  /ui  ) ,  dimensionless 

r  r  W  3  3 

w  =  unit  weight  of  water,»lb/ft  (fresh  water  =  62.4  lb/ft  , 

W  seawater  =  64.0  lb/ftJ) 

0  =  angle  of  structure  slope  measured  from  horizontal,  deg 

The  experimental  facilities  utilized  in  this  study  could  produce  a  range  of 
breaking  wave  heights  up  to  a  maximum  of  1.8  ft.  By  considering  a  prototype- 
to-model  linear  scale  ratio  of  16  to  1,  the  maximum  prototype  wave  height  that 
could  be  tested  was  28.8  ft.  For  rough,  angular,  quarrystone  armor  units  of 
two  layers  thickness  placed  randomly,  a  suggested  value  for  no-damage 

criteria  and  minor  overtopping  is  3.5.  The  core  and  bedding  layer  for  a 
rubble-mound  section  with  breaking  wave  conditions  and  moderate  overtopping 
may  consist  of  material  that  varies  from  W/200  to  W/4,000  .  These  data 
indicate  that  the  dimension  of  the  model  core  material  should  be  d^  =  0.50 
in.  A  material  mix  for  this  purpose  was  formulated  to  this  specification. 


Structure  Cross  Section 


9.  A  rubble  structure  is  normally  comprised  of  a  bedding  layer  and  a 
core  of  quarry-run  stone  covered  by  one  or  more  layers  of  larger  stone,  and 
an  exterior  layer(s)  of  large  quarrystone  or  concrete  armor  units.  Typical 
rubble-mound  cross  sections  for  nonbreaking  and  breaking  waves  are  shown  in 
Figures  2  and  3,  respectively.  The  right-hand  column  of  the  tables  in  these 
figures  gives  the  rock-size  gradation  of  each  layer  as  a  percentage  of  the 
average  layer  rock  size  given  in  the  left-hand  column. 

10.  The  thickness  of  the  cover  and  the  number  of  armor  units  required 
can  be  determined  from  CERC  (1977)  as: 


r  = 


(2) 
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Seaward 


Lee  word 


Idealized  Multilayer  Section 

Rock  Size 

Rock  Size  Layer  Gradation  (%) 


w 

Primary  Cover  Layer 

125  to  75 

W/2  and  W/15 

Secondary  Cover  Layer 

125  to  75 

W/ 10  and  W/300 

First  Underlayer* 

130  to  70 

W/200 

Second  Underlayer 

150  to  50 

W/4000— W/6000 

Core  and  Bedding  Layer 

170  to  30 

Recommended  Three -layer  Section 


Figure  2.  Rubble-mound  section  for  nonbreaking  wave  conditions  with 
zero  to  moderate  overtopping  conditions  (after  CERC  1977) 


Seaward 


Leeward 


Rock  Size 
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W/10 

W/200 

W/4000 


Idealized  Multilayer  Section 

Rock  Size 


Primary  Cover  Layer 
First  Underlayer* 
Second  Underlayer 
Core  and  Bedding  Layer 


Gradation  (%) 

125  to  75 
130  to  70 
150  to  50 
170  to  30 


Recommended  Three -loyer  Section 


Figure  3.  Rubble-mound  section  for  breaking  wave  conditions  with 
moderate  overtopping  (after  CERC  1977) 
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where 


r  =  average  layer  thickness,  ft 

n  =  number  of  quarrystone  or  concrete  armor  units  in  thickness  com¬ 
prising  the  cover  layer,  dimensionless 

k^  =  layer  coefficient  obtained  from  Table  1,  dimensionless 

W  =  weight  of  individual  armor  units,  lb 

3 

u>r  =  unit  weight  of  armor  unit,  lb/ft 


Table  1 


Layer  Coefficient  and  Porosity  for  Various  Armor  Units 


Armor  Unit 

n 

Placement 

Layer  Coefficient 
kA 

Porosity  (P) 
percent 

Quarrystone  (smooth) 

2 

Random 

1.02 

33 

Quarrystone  (rough) 

2 

Random 

1.15 

37 

Quarrystone  (rough) 

>3 

Random 

1.10 

40 

Cube  (modified) 

2 

Random 

1 . 10 

47 

Tetrapod 

2 

Random 

1.04 

50 

Quadripod 

2 

Random 

0.95 

49 

Hexapod 

2 

Random 

1.15 

47 

Tribar 

2 

Random 

1.02 

54 

Dolos 

2 

Random 

1.00 

63 

Tribar 

1 

Uniform 

1.13 

47 

Quarrystone  Graded 

Random 

-- 

37 

The  placing  density  is  given  by 

,2/3 

N  = 
r 

AnkA  ( 

V1  '  Too)  (  - 

l) 

(3) 

where 

N  =  required  number 
dimensionless 

of  individual  armor 

units  for  a  given 

surface  area, 

A  =  surface  area,  ft 

2 

P  =  average  porosity 

of  the 

!  cover  layer 

obtained  from  Table  1,  percent 

The  values  of  k^  and  P  ,  presented  in  Table  1,  have  been  determined  from 
experimental  studies. 
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Primary  cover  layer 


11.  The  stability  of  armor  units  is  related  to  the  design  wave  height, 

H  ,  and  other  parameters  according  to  the  stability  formula,  Equation  1,  which 
is  based  on  the  results  of  extensive  small-scale  model  testing  and  some  pre¬ 
liminary  verification  by  large-scale  model  testing.  Suggested  values  of 

for  use  in  determining  armor  unit  weight  are  presented  in  Table  2.  Equation  1 
is  intended  for  conditions  where  the  crest  of  the  structure  is  high  enough  to 
prevent  major  overtopping. 

Underlayers  and  bedding  layer 

12.  The  first  underlayer  (directly  beneath  the  primary  armor  units) 

should  have  a  minimum  thickness  of  two  quarrystones  (n  =  2),  and  these  should 
weigh  about  1/10  the  weight  of  the  overlying  armor  units  ( W/ 10).  This  applies 
where:  (a)  cover  layer  and  first  underlayer  are  both  quarrystones,  or  (b) 

first  underlayer  is  quarrystone  and  the  cover  layer  is  concrete  armor  units 
with  a  stability  coefficient  <  12  .  When  the  cover  layer  is  of  armor 

units  with  <  20  ,  the  first  underlayer  quarrystone  should  weigh  about 

W/5  ,  or  1/5  the  weight  of  the  overlying  armor  units.  The  second  underlayer 
for  this  part  of  the  structure  should  have  a  minimum  equivalent  thickness  of 
two  quarrystones;  these  should  weigh  about  1/20  the  weight  of  overlying  quarry¬ 
stones  (W/200).  The  first  underlayer  for  that  part  below  -1.5H  should  have 
a  minimum  of  two  thicknesses  of  quarrystone;  these  should  weigh  about  1/20  the 
overlying  secondary  armor  unit  (W/300).  The  second  underlayer  for  that  part 
below  -1.5H  ,  and  the  core  and  bedding  layer  material,  can  be  as  light  as 
W/6,000  ,  or  quarry-run  stone. 


Scale  Effects 

13.  If  rubble-mound  structures  are  modeled  geometrically  similar  to 
their  prototype  structures,  there  is  relatively  more  wave  reflection  from  the 
model  structures  and  relatively  less  wave  transmission  through  the  model 
structures,  compared  with  the  prototype,  unless  the  model  scale  is  large 
enough  to  ensure  that  the  motion  is  fully  turbulent  in  the  model.  Scale 
effects  for  both  wave  reflection  and  transmission  can  be  reduced  by  using 
model  quarrystone  sizes  in  the  protective  cover  layers  and  core  material  (and 
foundation  bedding  underlayer  material)  larger  than  those  determined  by  the 
linear  scale  of  the  model: 


/ 
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Table  2 


Suggested  Values  for  Use  in  Determining  Armor  Unit  Weight 


No-Dama ge 

Criteria 

and 

Minor  Overtopping 

Armor  Units 

n* 

Placement 

Structure 

Trunk 

Structure  Head 

Breaking 

Wave 

V* 

Nonbreaking 

Wave 

Breaking 

Wave 

“d 

Nonbreaking 

Wave 

Slope 
cot  9 

Quarrystone 

Smooth  rounded 

2 

Random 

2.1 

2.4 

1.7 

1.9 

1.5  to  3.0 

Smooth  rounded 

>3 

Random 

2.8 

3.2 

2.1 

2.3 

t 

Rough  angular 

1 

Randomft 

tt 

2.9 

tt 

2.3 

t 

Rough  angular 

2 

Random 

3.5 

4.0 

2.9 

3.2 

1.5 

2.5 

2.8 

2.0 

2.0 

2.3 

3.0 

Rough  angular 

>3 

Random 

3.9 

4.5 

3.7 

4.2 

t 

Rough  angular 

2 

Special^ 

4.8 

5.5 

3.5 

4.5 

t 

Tetrapod  and 

2 

Random 

7.2 

8.3 

5.9 

6.6 

1.5 

quadripod 

5.5 

6.1 

2.0 

4.0 

4.4 

3.0 

Tribar 

2 

Random 

9.0 

10.4 

8.3 

9.0 

1.5 

7.8 

8.5 

2.0 

7.0 

7.7 

3.0 

Dolos 

2 

Random 

22.0 

25.0 

15.0 

16.5 

2 .0  tt 

13.5 

15.0 

3.0 

Modified  cube 

2 

Random 

6.8 

7.8 

— 

5.0 

t 

Hexapod 

2 

Random 

8.2 

9.5 

5.0 

7.0 

t 

Tribar 

1 

Uniform 

12.0 

15.0 

7.5 

9.5 

t 

Quarrystone  (K^) 

Graded  angular 

-- 

Random 

2.2 

2.5 

*  n  is  the  number  of  units  comprising  the  thickness  of  the  armor  layer. 

**  Applicable  to  slopes  ranging  from  IV  on  1.5H  to  IV  on  5H. 
t  Until  more  information  is  available  on  the  variation  of  value  with  slope,  the  use 

of  Kg  should  be  limited  to  Blopes  ranging  from  IV  on  1.5H  to  IV  on  3H.  Some  armor 
units  tested  on  a  structure  head  indicate  a  K^-slope  dependence, 
tt  The  use  of  single  layer  of  quarrystone  armor  units  subject  to  breaking  waves  is  not 
recommended,  and  only  under  special  conditions  for  nonbreaking  waves.  When  it  is 
used,  the  atone  should  be  carefully  placed, 
t  Special  placement  with  long  axis  of  stone  placed  perpendicular  to  structure  face. 
tt  Stability  of  dolosse  on  slopes  steeper  than  !V  on  2H  should  be  substantiated  by  site- 
specific  model  tests. 


..i  . 


(4) 


where 

D  =  model  effective  stone  dimension,  ft 
m 

0^  =  prototype  effective  stone  dimension,  ft 
K  =  coefficient  greater  than  1,  dimens ioni ess 

L^  =  model  representative  length,  ft 

Lp  =  prototype  representative  length,  ft 
The  value  of  K  for  the  armor  units  in  the  protective  cover  layer,  the  char¬ 
acteristics  of  which  determine  the  reflection  coefficient  for  a  rubble-mound 
structure,  is  not  the  same  value  of  K  for  the  core  and  bedding  material, 
which  determines  to  a  large  extent  the  wave  transmission  characteristics  of 
the  breakwater  or  jetty.  This  is  ipecially  true  if  the  crest  of  the  core 
material  section  is  high  relative  to  the  total  height  of  the  structure. 
LeMehaute  method 

14.  Approximate  values  of  K  for  wave  transmission  can  be  obtained 
from  a  nomograph  of  LeMehaute  ( 1 9fc>5 )  (Figure  A)  based  on  analytical  con¬ 
siderations  and  available  experimental  data.  The  variables  of  this  figure 
are  defined  as  follows: 

AH/AL  =  gradient  of  the  head  loss  through  the  voids  in  the  core  material 
part  of  the  structure  section,  dimensionless 

AH  =  height  of  the  incident  wave,  ft 

AL  =  average  width  of  the  core  material  section,  ft 

D  =  effective  quarrystone  dimensions  of  the  prototype  core  material, 
^  cm,  and  is  taken  to  be  the  10  percent  smaller  than  quarrystone 
from  the  core  material  gradation  curve 

P  =  porosity  of  the  prototype  core  material,  dimensionless 
=  porosity  of  the  model  material,  dimensionless 

D  =  effective  dimension  of  the  model  core  material,  cm 

m 

LeMehaute  assumed  that  the  gradation  curves  of  the  core  material  in  the  model 
and  prototype  are  the  same,  or  Pm  =  Pp  . 

Keulegan  method 

15.  Keulegan  (1973)  gave  the  following  equations  for  wave  transmission 
through  model  and  prototype  rubble-mound  structures  with  core  material  of  vari¬ 
ous  porosities: 
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a . 
1 


2/3 


■  -K-f (-;)] 


model 


(5) 


a 


t 


M  = 


a . 
i 


model 


prototype 


(6) 


(7) 


M 


prototype 


(8) 


where 


a . 
i 

at 

M 

d 

W 

s 

\ 


V 

T 


d 

m 

8 


C  ,C 
m’  p 


amplitude  of  incident  wave,  ft 
amplitude  of  transmitted  wave,  ft 
Keulegan  rubble-mound  parameter 
undisturbed  water  depth,  ft 
structure  width,  ft 
wavelength,  ft 

2 

fluid  kinematic  viscosity,  ft  /sec 

wave  period,  sec 

model  size  of  rocks,  ft 

2 

gravitational  constant,  32.174  ft/sec 
prototype  size  of  rocks,  ft 

numerical  multiplier  for  M  ,  functionally  related  to 
porosity  according  to  Table  3,  dimensionless 


The  procedure  to  determine  what  rock  size  in  the  model  will  assure  similarity 
in  the  wave  transmission  is  as  follows:  using  prototype  values  of  \  ,  T  , 
d  ,  and  d  in  Equations  7  and  8,  the  prototype  ratio  a./at  is  obtained 
from  Equation  8.  This  prototype  value  is  also  required  to  be  the  same  in  the 
model  for  similarity;  hence  the  ratio  a^/at  obtained  from  Equation  8  is  in¬ 


serted  into  Equations  5  and  6  to  determine  the  model  rock  size,  dfl 
model  core  material  and  foundation  bedding  underlayer. 


of  the 


Table  3 

Numerical  Multiplier  for  Keulegan  Method 


Porosity,  P 

Numerical 

Multiplier  in  M 

Model ,  C 

m 

Prototype,  C^ 

0.50 

10.5 

1.51 

0.46 

14.7 

2.11 

0.45 

16.1 

2.31 

0.40 

25.7 

3.70 

0.35 

43.8 

6.29 

0.30 

81.2 

11.65 

Comparison  of  LeMehaute 
and  Keulegan  methods 

16.  The  methods  of  LeMehaute  and  Keulegan  for  the  determination  of  K 
have  been  compared  by  Hudson  et  al.  (1979)  for  a  scale  ratio  of  1:100  and  are 
presented  in  Table  4.  The  water  depths,  wave  dimensions,  and  quarrystone 
sizes  used  represent  the  ranges  of  these  variables  commonly  found  in  prototype 
structures.  Keulegan' s  equations  and  Table  4  show  that  the  porosity  and  size 


Tabic  4 

Comparison  of  LeMehaute  and  Keulegan  Methods 


d 

T 

H 

Kt 

P 

K  * 

K  * 

jr 

ft 

sec 

ft 

_ft_ 

L 

K 

K 

15 

5 

7.5 

0.25 

6.0 

4.6 

1.30 

15 

5 

7.5 

0.75 

3.5 

2.7 

1.30 

15 

10 

7.5 

0.25 

6.0 

4.2 

1.43 

15 

10 

7.5 

0.75 

3.5 

2.5 

1.40 

30 

10 

15.0 

0.25 

5.5 

4.0 

1.38 

30 

10 

15.0 

0.75 

3.0 

2.3 

1.31 

30 

15 

15.0 

0.25 

5.5 

3.9 

1.41 

30 

15 

15.0 

0.75 

3.0 

2.3 

1.31 

45 

15 

25.0 

0.25 

5.0 

3.7 

1.35 

45 

15 

25.0 

0.75 

2.7 

2.2 

1.23 

45 

20 

25.0 

0.25 

5.0 

3.6 

1.39 

45 

20 

25.0 

0.75 

2.7 

2.2 

1.23 

*  Subscripts  L  and  K  refer  to  LeMehaute  and 

Keulegan,  respectively;  1: 100-scale  comparison  after 
Hudson  et  al.  (1979). 
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of  the  core  material  quarrystone  have  an  appreciable  effect  on  the  wave  trans¬ 
mission  coefficient,  aj/at  •  Thus  it  is  important  that  accurate  values  of 
these  variables  are  obtained  for  the  core  material  used  in  the  prototype  struc 
tures.  Keulegan's  equations  also  show  that  adjustments  can  be  made  in  both 
the  ratios  of  P  /P  and  D  /D  to  obtain  practical  solutions  to  the  prob- 
lem  of  minimizing  scale  effects  in  wave  transmission  through  rubble-mound 
structures.  Generally,  the  problems  of  obtaining  dynamic  similarity  for  wave 
transmission  through  such  structures  should  be  the  subject  for  future  analysis 
and  experimentation.  However,  until  the  results  of  such  studies  become  avail¬ 
able,  scale  effects  can  be  reduced  appreciably  by  LeMehaute's  (1965)  nomograph 
and  Keulegan's  (1973)  equations  and  by  the  proper  selection  of  linear  scales. 
The  most  accurate  of  the  two  methods  is  unknown  at  present;  therefore  it  is 
recommended  by  Hudson  et  al.  (1979)  that  the  value  of  K  used  in  the  model 
design  should  be  the  average  of  the  two  methods,  or: 


K  = 


+  KK 
2 


(9) 


17.  Supplemental  comparisons  were  made  for  prototype  values  analogous 
to  this  study  of  wave  height  =  28.8  ft,  wave  period  =  16  sec,  and  rubble-mound 
material  with  a  porosity,  P  ,  of  0.46,  and  prototype-to-model  scale  ratio  of 
16  to  1.  Keulegan's  method  indicated  that  model  material  greater  than  d^^ 

=  0.52  in.  would  cause  no  appreciable  scale  effects.  This  value  compared  fa¬ 
vorably  with  the  d^Q  =  0.50  in.  mix  which  had  been  prepared  for  this  study 
from  other  available  material  distributions. 


Wave  Dissipation  Inside  Porous  Structures 

18.  In  actual  prototype  situations  and  laboratory  model  studies,  the 
dissipation  of  wave  energy  inside  a  porous  rubble-mound  structure  will  be 
partly  due  to  turbulence  and  partly  due  to  viscous  forces.  Keulegan  (1973) 
deduced  an  expression  for  the  amplitude,  a  ,  of  a  wave  at  any  location,  x  , 
within  a  porous  structure  as: 


a 


a .  e 
i 


-akx 


(10) 
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where 

a^  =  initial  wave  amplitude  at  the  entering  face  of  structure,  ft 
e  =  base  of  system  of  natural  logarithms,  2.71828,  dimensionless 
a  =  Keulegan  dissipation  coefficient,  dimensionless 
k  =  wave  number,  2n/A  ,  1/ft 

P  =  porosity  of  rock  structure,  dimensionless 
A  =  wavelength,  ft 
n  -  3.14159,  dimensionless 
k  =  coefficient  of  permeability,  ft/sec 
d  =  undisturbed  water  depth,  ft 
T  =  wave  period,  sec 

The  coefficient  of  permeability,  K  ,  used  in  Equation  11  is  the  engineer's 
or  Darcy’s  coefficient.  It  is  defined  as  the  discharge  velocity  through  unit 
area  under  unit  hydraulic  gradient.  From  theoretical  considerations,  it  can 
be  shown  that  permeability  can  be  expected  to  vary  with  the  squares  of  the 
diameters  of  pore  spaces  and  with  the  squares  of  the  diameters  of  the  rock 
materia  1 . 

Physical  Model  Parameters 


19.  It  is  apparent  from  Figures  2  and  3  that  the  material  comprising 
the  core  of  a  rubble-mound  breakwater  or  jetty  can  vary  over  a  large  range  of 
values  without  affecting  the  structural  integrity  of  the  system.  Considering 
the  range  of  model  breaking  wave  heights  up  to  1.8  ft,  the  maximum  prototype 
breaking  wave  height  which  could  be  tested  under  a  representative  linear  scale 
ratio  of  16  to  1  is  28.8  ft.  From  Figure  3  and  Equation  1,  the  prototype  core 
material  corresponding  to  this  wave  height  could  vary  over  a  range  of  values 
from  15  to  1,500  lb.  The  structure  is  not  intended  to  transmit  wave  energy; 
hence  the  model  structure  specifications  need  not  be  overly  restrictive  in  ad¬ 
hering  to  scaled  prototype  rock  size  gradation  as  the  bulk  of  the  material  is 


placed  for  structure  volume  filler  substance.  Because  of  the  orientation  of 
the  model  structure  for  these  specific  test  purposes,  it  is  necessary  however 
to  ensure  that  a  sufficient  section  of  structure  is  being  modeled  to  preclude 
any  transmitted  wave  energy  along  the  major  axis  to  the  rear  of  the  section 
(in  this  case,  through  the  structure). 

20.  The  minimum  weight  stone  existing  in  the  prototype  structure  (15 
lb)  can  be  effectively  represented  as  a  cube  of  side  length  5.4  in.  Based  on 
LeMehaute  and  Keulegan  scaling  relations,  a  50  percent  increase  in  the  model 
linear  scale  will  preclude  significant  scale  effects.  This  indicates  a  model 
core  material  with  a  representative  dimension  of  8.0  in.  prototype  (0.5  in. 
model)  and  a  16-to-l  linear  scale  ratio  will  satisfactorily  comprise  the  core 
of  the  model  structure.  A  composite  material  mix  with  a  50  percent  finer  by 
weight  of  0.5  in.  was  formul  ’  (d^^  =  0.5  in.  model  =  8.0  in.  prototype  =  50 
lb  prototype).  The  gradation  urve  for  this  composite  material  mix  is  shown 
in  Figure  5. 

21.  The  physical  model  was  operated  under  the  assumption  that  waves 
would  approach  directly  perpendicular  to  the  offshore  contours  and  would  thus 
propagate  along  the  major  axis  of  the  structure.  A  two-dimensional  section  of 
structure  was  placed  in  the  wave  basin  with  a  length  sufficient  to  ensure  that 
wave  energy  would  not  penetrate  through  the  structure  and  be  reflected  from 
the  rear  of  the  basin.  It  was  desired  that  tfie  wave  energy  w'hich  penetrated 
the  scale-model  core  of  the  structure  be  effectively  dissipated  internally 
within  the  structure.  Keulegan' s  (197.5)  expressions  for  wave  dissipation 
inside  porous  structures  (F.quations  10  and  11)  indicated  that  any  section  of 
structure  in  excess  of  10  ft  would  dissipate  over  99  percent  of  the  wave 
energy  approaching  the  structure  (i.e.,  essentially  no  fluid  motion  would  be 
detected  within  the  structure  at  a  distance  of  10  ft  from  the  incident  face). 
The  model  structure  was  placed  on  a  nearshore  beach  slope  of  IV  on  25H,  which 
was  considered  typically  representative  of  many  coastal  zones.  This  also  pro¬ 
vided  a  shoaling  region  whereby  the  waves  of  various  periods  could  be  forced 
to  break  directly  at  the  toe  of  the  structure,  as  this  had  been  determined 

to  be  the  situation  of  most  severe  condition. 

F.xp e  r i men t a  1  Fa c  i  l  i  t  ies 


Wave  flume 

22.  This  experimental  study  was  conducted  in  a  two-dimensional  wave 


22 


.  STANDARD  sieve  numbers  hydrometer 

4  16  20  30  <0  SO  70  100  U0  200 


3 


flume  120  ft  long  by  6  ft  wide  by  6  ft  deep  (Figures  6  and  7).  The  concrete 
flume  was  modified  by  the  installation  of  a  beach  with  a  slope  of  IV  on  2511  to 
simulate  representative  prototype  conditions,  and  to  facilitate  the  breaking 
wave  phenomenon  under  investigation.  The  model  structure  was  placed  on  the 
concrete  slope  at  the  end  of  the  flume. 

Wave  generator 

23.  A  dual  channel  irregular  wave  generation  system  had  previously  been 
installed  in  the  wave  flume  and  was  used  to  generate  the  monochromatic  waves 
utilized  in  this  study.  The  wave  generator  consisted  of:  (a)  a  rotational 
actuator  assembly  with  a  6-in.  stroke  and  a  dynamic  force  of  2,500-lb  tension 
or  7,000-lb  compression;  (b)  a  translational  actuator  assembly  with  a  26-in. 
stroke  and  a  dynamic  force  of  2,500-lb  tension  or  7,000-lb  compression;  (c)  a 
hydraulic  power  supply  system  providing  10  gpm  at  3,000  psi;  (d)  a  wave-board 
system  providing  both  translation  and  rotation  capabilities,  either  individ¬ 
ually  or  simultaneously;  and  (e)  an  electronic  console  system  providing  vari¬ 
able  controllers  and  accelerometer  conditioners.  The  wave  generator  equipment 
can  be  programmed  with  both  analog  and  digitally  generated  random  data;  there¬ 
fore  the  equipment  will  reproduce  waves  that  vary  from  cycle  to  cycle  in  both 
amplitude  and  period.  The  wave-board  motion  does  not  vary  in  amplitude  from 
the  programmed  value  more  than  ±5  percent  over  a  range  of  amplitude  from  10  to 
80  percent  of  maximum  motion.  Wave  period  does  not  vary  by  more  than 

il  percent. 

24.  Automated  Data  Acquisition  and  Control  Systems  (ADACS)  have  been 
designed  and  built  at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(WES)  for  the  purpose  of  collecting  wave  data  and  controlling  operations  of 
hydraulic  wave  models.  The  computer  hardware  configuration  for  each  system 
consists  of  a  minicomputer  with  32k  16-bit  words  of  memory,  a  magnetic  tape 
controller  with  two  9-track  tape  drives,  one  moving  head  disc  controller  with 
one  removable  platter  and  one  nonremovable  platter,  an  interval  timer  (1  Msec) , 
an  analog-to-digital  12-bit  converter  featuring  64  analog  (±10  volts)  inputs 
and  a  45  kHz  multiplexer,  a  teletype  unit,  96  sense/control  lines,  and  one 
matrix  electrostatic  printer/plotter.  One  of  the  ADACS  is  shown  in  Figure  8, 
and  is  connected  to  the  dual  channel  irregular  wave  generation  system.  The 
irregular  wave  generator  translational  and  rotational  actuators  are  shown 
connected  to  the  wave  board  in  Figure  9,  and  the  6-ft-wide  wave  flume  and 
wave-board  portion  of  the  wave  generation  system  is  shown  in  Figure  10. 
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PART  III:  TEST  PROGRAM  DEVELOPMENT 


Background 


25.  Naheer  (1977,  1979,  1980)  developed  an  empirical  relationship  to 
describe  the  conditions  under  which  a  rock  embedded  in  the  upper  layer  of  a 
bed  of  similar  rocks  will  start  to  move  during  passage  of  solitary  waves.  Rock 
(specific  gravity  2.68)  of  two  different  diameters  was  tested  (5.44  and  7.70 
mm),  and  coal  (specific  gravity  1.28)  of  two  different  diameters  (8.00  and 
11.10  mm)  also  was  investigated.  The  amount  of  motion  of  these  four  materials 
was  measured  in  a  wave  flume  and  found  to  depend  on  a  dimensionless  shear 
stress  similar  to  the  Shields  parameter.  The  dimensionless  shear  stress  was 
defined  as  the  ratio  of  the  hydrodynamic  shear  force  exerted  on  the  bed  to  the 
submerged  weight  of  the  particles.  Extrapolation  of  the  curve  passing  through 
the  experimental  data  to  the  point  of  zero  motion  yields  the  value  of  the 
dimensionless  shear  for  which  incipient  motion  occurs.  Theoretical  considera¬ 
tions  were  used  to  evaluate  the  shear  stress  under  the  waves,  and  the  dimen¬ 
sionless  shear  was  then  transformed  such  that  incipient  motion  could  be  de¬ 
scribed  in  terms  of  measurable  quantities,  i.e.,  the  density  and  diameter  of 
the  particle,  the  density  and  depth  of  the  water,  and  the  wave  height.  Wave 
period  has  no  meaning  for  solitary  waves.  The  relationship  between  these  quan¬ 
tities  was  expressed  as: 
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The  empirical  relationship  for  the  friction  coefficient,  Kr  ,  is  presented  in 

r 

Figure  11.  This  coefficient  was  found  to  be  independent  of  Reynolds  number. 


H/d 

Figure  11.  Empirical  relationship  between 
Kj.  and  H/d  (after  Naheer  1979) 

26.  The  empirical  relationships  for  incipient  motion  developed  by 
Naheer  (1977)  with  a  scaled  model  in  a  laboratory  are  of  limited  use  from  a 
practical  engineering  aspect.  In  order  to  estimate  local  shear  stresses 
exerted  on  a  rough  bottom  under  waves,  it  is  necessary  to  study  the  develop¬ 
ment  of  the  rough  turbulent  boundary  layer  under  these  waves.  The  stresses 
estimated  with  the  aid  'f  the  mean  resistance  coefficient  which  was  developed 
from  considerations  of  energy  dissipation  may  not  represent  the  actual 
stresses  exerted  on  the  bed.  Naheer  (1977)  noted  that  a  slight  rocking  motion 
of  a  few  particles  in  the  bed  is  insignificant  from  a  practical  engineering 
standpoint.  Such  a  motion  does  not  endanger  the  bed  and  does  not  reduce  the 
protection  of  a  rock  armoring  underlayer  section.  Naheer  (1977)  recommended 
that  a  future,  larger  scale  study  be  concentrated  on  the  conditions  under 
which  the  entire  bed  changes  from  a  stable  to  an  unstable  condition.  His  ob¬ 
servations  of  motion  of  particles  of  arbitrary  shape  resulted  in  a  large  error 
when  used  to  determine  the  size  of  the  rock  required  for  incipient  motion 
under  breaking  waves.  Since  that  error  was  partly  due  to  the  extrapolation  of 
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the  data  from  observed  motion  to  the  point  of  zero  motion,  Naheer  (197?)  rec¬ 
ommended  that  a  study  should  be  performed  of  the  case  where  the  particles  are 
in  a  state  of  incipient  motion  under  breaking  waves. 

P re  1  inn n a ry  IV -on - 3 0 H  Bottom-Slope  Tests 

27.  An  existing  5-ft-wide,  two-dimensional  wave  flume  with  a  lV-on-30H 
bottom  slope  was  used  initially  to  test  a  limited  range  of  wave  conditions  in 
order  to  develop  a  test  program  for  investigating  the  effects  of  various  wave 
parameters  and  underlayer  material  characteristics  on  resulting  scour  near 
major  rubble-mound  structures.  The  range  of  parameter  variations  to  be  used 
in  the  experimental  investigation  was  established  in  this  preliminary  evalua¬ 
tion.  Based  on  Froudian  scaling  relationships  (gravity  being  the  restoring 
function  for  recurring  surface  water  waves),  model  materials  were  obtained  and 
a  structure  representing  a  prototype  was  constructed  in  the  5-ft-wide  flume. 

The  face  of  the  core  material  was  stabilized  with  model  armor  stone  to  prevent 
the  various  underlayer  materials  from  becoming  mixed  with  the  core  stone  near 
the  toe  of  the  structure.  It  was  determined  that  the  most  severe  wave  condi¬ 
tion  (that  situation  producing  the  most  movement  of  underlayer  material) 
existed  when  the  waves  were  permitted  to  break  and  plunge  directly  at  the  toe 
of  the  structure.  Various  combinations  of  parameters  were  considered  and  are 
discussed  subsequently. 

Effect  of  underlayer 
length  and  number  of  waves 

28.  The  first  series  of  preliminary  tests  was  conducted  to  obtain  in¬ 
formation  regarding  the  number  of  waves  (duration  of  test  required  for  mate¬ 
rial  movement  compared  with  length  of  representative  prototype  storms),  and  to 
determine  if  the  length  of  the  underlayer  section  was  a  pertinent  variable  for 
evaluation.  Typical  results  of  these  tests  (qualitatively)  are  presented  in 
Figures  12-16  and  show  that  for  a  constant  size  material  (crushed  stone  passing 
a  1/2-in.  screen  but  being  retained  on  a  3/8-in.  screen),  a  longer  underlayer 
section  tends  to  preclude  initial  movement  of  underlayer  material.  Waves 
plunging  at  or  about  the  toe  of  the  structure  and  material  section  tend  to  dis- 
Pl  ace  the  underlayer  material  toward  the  major  structure.  While  these  tests 
were  performed  with  a  2-ft-thick  prototype  layer  on  a  nonmovable  bottom,  indi¬ 
cations  are  that  the  movement  of  the  underlayer  material  toward  the  structure 
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Figure  12.  Preliminary  ll'-on-.30if  bottom-slope  tests; 
water  depth  1.00  ft,  wave  period  3.00  see,  layer  thick 
ness  2  ft  prototype,  layer  extent  48  ft  prototype, 
underlayer  material  size  20  to  30  1 h  prototype  (W^ 

=  35  lh  prototype),  number  of  waves  250 


Figure  13.  Preliminary  lV-on-30H  bottom-slope  tests; 
w.iter  depth  1.00  ft,  wave  period  3.00  see,  layer  thick 
ness  2  ft  prototype,  layer  extent  04  ft  prototype, 
underlayer  material  size  20  to  50  lb  prototype  (W^ 

=  35  lb  prototype),  number  of  waves  250 


Figure  14.  Preliminary  lV-on-30H  bottom-slope  tests; 
water  depth  1.00  ft,  wave  period  3.00  sec,  layer  thick 
ness  2  ft  prototype,  layer  extent  80  ft  prototype, 
underlayer  material  size  20  to  50  lb  prototype  (W^ 

=  35  lb  prototype),  number  of  waves  640 


Figure  15.  Preliminary  IV-on-30H  bottom-slope  tests; 
water  depth  1.00  ft,  wave  period  3.00  sec.  layer  thick 
ness  2  ft  prototype,  layer  extent  Op  ft  prototype, 
underlayer  material  size  20  to  50  lb  prototype 
=  35  lb  prototype),  number  of  waves  500 


Figure  16.  Preliminary  lV-on-30H  bottom-slope  tests; 
water  depth  1.00  ft,  wave  period  3.00  sec,  layer  thick¬ 
ness  2  ft  prototype,  layer  extent  304  ft  prototype, 
underlayer  material  size  20  to  50  lb  prototype  (W^ 

=  35  lb  prototype),  number  of  waves  1,000 


would  allow  development  of  a  scour  area  at  a  location  seaward  of  the  major 
structure . 

29.  When  the  length  of  the  underlayer  material  section  was  extended  sea¬ 
ward  of  the  plunging  wave  effect,  movement  of  the  underlayer  material  decreased, 
even  when  the  number  of  waves  was  significantly  increased  (comparison  of  Fig¬ 
ures  12-15).  One  thousand  waves  produced  no  discernible  scour  area  when  the 
section  was  extended  to  a  length  of  304  ft  prototype  (Figure  16),  and  when  the 
test  wave  had  a  12-sec  prototype  period. 

Effect  of  underlayer  material  size 

30.  It  is  well  documented  that  for  nonbreaking  waves  and  constant  wave 
height,  the  stability  of  a  rubble-mound  structure  is  dependent  upon  the  size 
of  the  armor  stone  protecting  the  structure.  To  extend  this  relationship 

from  a  major  stone  structure  to  the  underlayer  material  section,  all  parameters 
were  held  constant  and  three  different  size  underlayer  stone  materials  were 
tested:  (a)  passing  a  1/2-in.  screen  but  being  retained  on  a  3/8-in.  screen 

(W^  =  35  lb  prototype);  (b)  passing  a  5/8-in.  screen  but  being  retained  on  a 
1/2-in.  screen  (W^  =  72  lb  prototype);  and  (c)  passing  a  3/4-in.  screen  but 


being  retained  on  a  7/8-in.  screen  (W^  =  212  lb  prototype).  Comparisons  of 
these  test  results  are  presented  in  Figures  12,  17,  and  18,  respectively. 

These  tests  indicated  that  the  material  size  must  be  increased  s igni f i cant  1 y 
to  provide  stability  of  the  underlayer  material  section  with  a  48-ft  prototype 
extent . 

Ef fe c t  of  wave  period 

31.  Wave  period  appears  to  affect  the  movement  of  underlayer  material 
at  constant  water  depth.  Figures  19  and  20  show  that  for  the  same  number  of 
waves,  and  with  a  longer  underlayer  section,  the  longer  period  wave  induces  a 
significantly  greater  degree  of  material  movement  than  does  the  shorter  period 
wave.  However,  this  apparent  period  effect  may  actually  be  the  result  of  an 
increase  in  wave  height  with  increasing  period  (required  to  maintain  wave  break¬ 
ing  at  the  same  location  in  the  model).  The  change  in  wave  height  is  inherent 
with  the  wave  period  change  and  may  produce  an  apparent  period  effect  that 

does  not  actually  exist. 

32.  Additional  tests  were  performed  at  a  water  depth  of  0.50  ft  (the 
first  tests  had  been  conducted  in  1.00  ft  of  water)  to  further  investigate  the 
apparent  period  effect.  Results  of  these  tests  are  shown  qual itatively  in  Fig¬ 
ures  21-24  for  a  constant  size  material  subjected  to  three  wave  periods  (with 
the  same  extent  of  underlayer  material  section).  It  was  found  that  the  2-sec 
wave  produced  no  discernible  material  movement  for  a  large  number  of  waves. 

An  increase  in  wave  period  to  3  sec  (with  an  accompanying  increase  in  wave 
height)  caused  the  initiation  of  a  scour  region  near  the  toe  of  the  major 
structure.  A  further  increase  in  wave  period  to  4  sec  caused  the  displacement 
of  the  entire  48-ft  prototype  section  to  the  toe  of  the  major  structure.  Ob¬ 
viously,  a  significant  scour  hole  would  have  developed  in  a  movable-bed  model. 
When  the  4'-  -ft  prototype  section  was  extended  to  96  ft  prototype  (for  the  same 
4-sec  wave  period),  the  scour  region  shown  in  Figure  24  developed,  indicating 
that  it  is  only  ne"essary  to  stabilize  a  finite  region  ahead  of  the  construc¬ 
tion  of  a  major  stone  structure.  The  optimization  of  the  location  and  extent 
of  this  finite  region  is  dependent  on  the  incident  wave  climate  and  the  mate¬ 
rial  available  for  stabilization. 


Test  Program 

33.  Based  on  the  results  of  the  preliminary  lV-on-30H  bottom-slope 
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Figure  19.  Preliminary  l\-ori-30ll  hot tom-s 1  ope  tests; 
water  depth  1.00  tt,  wave  period  2.00  see,  layer  thick 
ness  2  ft  prototype,  layer  extent  48  It  prototype, 
underlayer  material  size'  165  to  260  1  It  prototype  (W^ 

=  212  lb  prototype),  number  of  waves  510 
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Figure  20.  Preliminary  lV-on-30H  bottom-slope  tests; 
water  depth  1.00  ft,  wave  period  3.00  see,  layer  thick 
ness  2  ft  prototype,  layer  extent  64  ft  prototype, 
underlayer  material  size  165  to  260  lb  prototype  (W  ^ 

=  212  lb  prototype),  number  of  waves  500 
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figure  22.  Preliminary  !v-on-l>0H  I'Ot  t  om-s  I  op('  tests; 
w.ttei  ifepl  h  0.80  tt,  v.ivp  period  2.00  see,  layer  thirl 
ness  2  ft  prototype,  layer  extent  48  It  prototype, 
under  layer  material  si/e  20  to  1)0  1  !>  prototype  (W  ^ 

=  Vi  lh  prototype),  number  of  waves  *>  1 0 


Figure  24.  Preliminary  lV-on-30M  bottom-slope  tests; 
water  depth  0.30  ft,  wave  period  '  0  see,  layer  thiek- 

ness  2  ft  prototype,  layer  extent  9o  ft  prototype, 
underlayer  material  size  20  to  .30  lb  prototype,  (W^ 

=  33  lb  prototype),  number  of  waves  428 


tests,  it  was  determined  that  the  stability  of  the  underlayer  material  smt  i.m 
is  functionally  related  to  the  size  of  the  material  comprising  the  stabiliza¬ 
tion  layer  and  to  certain  parameters  of  the  incoming  wave  climate.  These  wave 
characteristics  may  consist  of  the  wave  period  T  ,  plunging  breaker  wave- 
height  ,  still-water  depth  d  ,  wave  celerity  C  ,  and  wavelength  A  .  It 

was  also  determined  that  the  most  severe  scour  condition  resulted  t rom  a  break¬ 
ing  wave  which  plunged  directly  at  the  toe  of  the  major  stone  structure.  Cer¬ 
tain  of  these  wave  parameters  may  not  be  completely  independent,  i.e.,  the 
breaking  wave  height  at  the  toe  of  the  structure  may  depend  on  the  water  depth 
and  wave  period. 

Stability  =  (W  ,  H,  ,T,C,g,d,L,A,w  ,  ui  )  (I'll 

U  L  D  r  w 

where 

W^l  -  weight  of  representative  stone  in  the  underlayer  section,  lb 

=  maximum  breaker  wave  height  when  wave  plunges  at  structure  toe,  ft 
T  =  wave  period,  sec 
C  =  wave  celerity,  ft/sec 

2 

g  =  gravitational  constant,  32.174  ft/sec 
d  =  still-water  depth,  ft 

[,  =  width  of  underlayer  structure  section,  ft 
A  =  wavelength,  ft 

w  =  unit  weight  of  underlayer  material,  Ib/ft 

f  3 

ui  =  unit  weight  of  water,  lb/ft 
w 

The  functional  relationship  of  Equation  13  remains  to  be  determined  by  phys  i  - 
cal  model  tests. 

Underlayer  material 

34.  The  size  of  quarry-run  stone  and  the  routine  requirements  of  rubble- 
mound  stone  construction  provide  an  indication  of  the  size  of  stone  material 
that  can  be  reasonably  feasible  to  obtain  for  utilization  as  underlayer  mate¬ 
rial.  Based  on  a  Froudian  scaling,  and  a  16-to-l  linear  scale  ratio  between 
prototype  dimensions  and  model  size,  seven  material  sizes  were  selected  for 
investigation  (Table  5).  These  seven  materials  are  shown  in  Figures  25-31. 

To  investigate  the  effect  of  underlayer  material  extent  on  the  scour  phenomena, 
three  different  lengths  of  underlayer  section  were  tested  (3  ft,  5  ft,  and  7  ft 
model,  or  48  ft,  80  ft,  and  112  ft  prototype,  respectively).  The  remaining 
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Figure  25.  Underlayer  test  material  1,  passing  1/2  in.  and  retained 
3/8  in.  model,  20  to  50  lb  prototype  (W  =  35  II'  prototype),  7-in. 

prototype  size' 
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Figure  26.  Dndrr  layer  test  material  2,  passing  5/8  in.  and  retained 
1/2  in.  model,  50  to  ()5  1 1>  prototype  (W^  =  72  lb  prototype),  d-iri. 
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Figure  27.  Under lave r  tr'st  material  3,  passing  3/4  in.  and  retained 
3/8  in.  model,  03  to  165  lb  prototype  (W^  =  1  50  lb  prototype),  11-in 

pro tot vpe  size 
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Figure  28.  Underlayer  test  material  4,  passing  7/8  in.  and  retained 
3/4  in.  model,  165  to  260  lb  prototype  (WUL  =  212  lb  prototype),  13-in 
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Figure  29.  Underlayer  test  material  5,  passing  1  in.  and  retained 
7/8  in.  model,  260  to  390  lb  prototype  (WyL  =  325  In  prototype),  15-ii 

prototype  size 
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Figure  31.  Underlayer  tesl  material  7,  passing  1-1/2  in.  and 
retained  1-1/4  in.  model,  7t>5  to  1,320  11)  prototype  (.W^ 

=  1,042  lb  prototype),  22-in.  prototype  size 


pertinent  variables  of  Equation  13  are  related  to  the  water  depth  and  wave 
climate . 

Wave  characteristics 


35.  Because  breaking  waves  are  being  evaluated  (with  plunging  occurring 
directly  at  the  toe  of  the  major  stone  structure),  the  breaking  wave  height, 

,  should  be  directly  related  to  the  water  depth,  d  .  Hence  more  than  one 
water  depth  should  be  tested  to  isolate  any  scale  effects.  Also,  a  range  of 
wave  periods  is  necessary  to  determine  the  inherent  relationship  between  wave 
period,  T  ,  and  breaking  wave  height.  Model  wave  periods  of  2,  3,  4,  and  5 
sec  were  selected  to  be  generated  in  water  depths  of  0.50  and  1.00  ft.  The 
wave  generation  system  was  capable  of  producing  breaking  waves  under  these 
conditions  on  the  lV-on-25H  slope  that  was  selected  for  the  tests.  The  break¬ 
ing  wave  heights  were  determined  along  the  center  line  of  the  flume  by  the 
ADACS  system  (Table  6).  The  wave  generator  was  operated  as  a  sinusoidally 
moving  wave  maker,  and  the  shallow-water  waves  broke  down  into  a  primary  and 
one  or  more  secondary  waves.  The  primary  and  secondary  waves  traveled  at 
different  speeds  (depending  on  their  individual  wave  heights),  and  the  re¬ 
sulting  water  surface  exhibited  secondary  waves,  depending  on  the  distance 
from  the  wave  generator.  The  fact  that  the  breaking  wave  heights  for  the 
5-sec  waves  of  Table  6  were  determined  by  the  ADACS  system  to  be  less  than  the 
breaking  wave  heights  for  the  4-sec  waves  is  attributed  to  this  secondary  wave 
phenomenon . 


Table  6 

Model  Wave  Characteristics 


■r  Depth,  d 
ft 

Wave  Period,  T 
sec 

Maximum  Brea 
Wave  Height, 
ft 

0. 

.50 

2 
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.65 

0. 
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3 

0. 

.70 
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.50 
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0. 

.80 
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.68 

1. 

.00 
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.09 
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.00 

3 

1 

.11 
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.00 

4 

1 

.45 

1 

.00 

5 

1 

.  12 
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F 1  time  slope 

36.  A  lV-on-25H  slope  was  molded  in  a  6-ft-wide  wave  flume  using  fixed- 
bed  concrete  materials.  This  slope  fit  into  the  geometry  ot  the  existing  6 - 1 1 - 
wide  wave  flume  satisfactorily,  and  would  provide  the  required  characteristics 
necessary  to  induce  breaking  of  all  waves  desired  to  be  tested  in  this  program. 
This  bottom  slope  of  lV-on-25H  is  typical  of  many  prototype  conditions. 
Experimental  test  conditions 

37.  Two  water  depths  (0.50  and  1.00  ft)  and  four  wave  periods  (2,  3,  4, 
and  5  sec)  were  tested.  These  eight  combinations  of  wave  periods  and  water 
depths  were  evaluated  using  three  different  widths  of  underlayer  section  (3,  5, 
and  7  ft).  Each  of  these  three  different  widths  of  underlayer  sections  was 
constructed  of  seven  separate  gradations  of  material,  ranging  from  that  which 
passed  a  1/2-in.  screen  to  that  which  passed  a  1-1/2-in.  screen  (prototype 
size  range  of  7  to  22  in.,  with  the  average  weight  of  each  material  being  35, 
72,  130,  212,  325,  577,  and  1,042  lb,  prototype).  These  combinations  of 
material  sizes,  underlayer  structure  width,  water  depth,  and  wave  periods  re¬ 
sulted  in  168  separate  tests. 
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FART  IV:  DATA  ANALYSIS 

38.  The  stability  of  the  major  rubble-mound  structures  has  been  investi¬ 
gated  quite  thoroughly  from  both  an  analytical  and  experimental  standpoint. 

Even  though  the  importance  of  the  underlayer  foundation  blanket  for  scour  pre¬ 
vention  during  construction  has  been  recognized,  the  stability  of  this  under¬ 
layer  material  has  been  given  only  empirical  rule-of-thumb  design  considera¬ 
tions.  Because  of  the  many  similarities  that  exist  between  a  rubble-mound 
structure  and  the  underlayer  material  on  which  it  is  placed,  it  is  desirable 
to  perform  an  analysis  of  the  stability  during  construction  of  the  underlayer 
material  along  analogous  lines  to  those  which  have  been  developed  for  rubble- 
mound  structures. 


Stability  of  Rubble-Mound  Structures 


39.  The  classic  analysis  of  the  stability  of  the  armor  units  which  pro 
tect  a  rubble-mound  structure  from  excessive  damage  due  to  wave  attack  was 
presented  by  Iribarren  Cavanilles  (1938),  and  has  come  to  be  known  as  the 
Iribarren  formula: 


where 
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(14) 


weight  of  individual  cap  rock,  kg 

15  and  19  for  breakwaters  constructed^of  natural  rock  fill  and 
artificial  blocks,  respectively,  kg/m 

height  of  wave  which  breaks  on  the  structure,  m 

3 

specific  weight  of  cap  rock,  metric  tons/m 

angle,  measured  from  horizontal,  of  the  sea-side  slope,  deg 


This  expression,  in  the  form  of  Equation  14,  is  not  dimensionally  homogeneous, 
and  the  coefficient,  K_  ,  is  not  dimensionless.  These  limitations  restrict 

D 

the  equation  from  being  universally  applicable  in  its  present  form. 

40.  In  1951  a  comprehensive  investigation  of  rubble-mound  breakwaters 
was  begun  at  the  WES  for  the  Office,  Chief  of  Engineers  (OCE).  These  studies 
have  been  discussed  by  Hudson  (1957,  1958,  1961,  1974,  1975),  and  Hudson  and 
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Jackson  (1953).  In  1^51,  it  was  assumed  that  the  iribarren  formula  could  he 
used  to  correlate  test  data  and  that  it  could  he  made  sufficiently  accurate 
for  use  in  designing  full-scale  ruhb le-motind  breakwaters,  if  sufficient  test 
data  were  available  to  evaluate  the  experimental  coefficient,  .  F.arly 

tests  in  this  investigation  showed  that  the  friction  coefficient  in  lri- 
barren's  formula,  as  measured  by  the  tangent  of  the  angle  of  repose,  varied 
appreciably  with  the  shape  of  armor  units  and  with  the  method  used  to  place 
these  units  in  the  cover  layer.  These  results  led  to  the  realization  that  the 
experimental  coefficient,  ,  could  not  be  determined  accurately  from  small- 

scale  breakwater  stability  tests  unless  accurate  comparative  values  of  the 
friction  coefficient  could  be  obtained  for  the  different  shapes  ol  armor  units. 
This  realization  was  made  more  acute  by  the  fact  that  lrribarren's  force  dia¬ 
gram,  from  which  his  basic  stability  equation  was  derived,  is  predicated  on 
the  assumption  that  the  friction  between  armor  units,  specifically  that  rom- 
poi.ent  of  the  friction  force  parallel  to  the  breakwater  slope,  is  the  primary 
force  that  resists  the  forces  of  wave  action  and  determines  the  stability  of 
the  armor  units.  Based  on  the  results  of  the  tests  to  determine  friction  co¬ 
efficients,  correlation  of  test  data  by  the  use  of  Iribarren's  formula  was 
abandoned,  and  a  new  stability  equation,  similar  to  the  Iribarren  formula 
but  capable  of  more  general  application,  was  derived  by  Hudson  (1957). 

41.  A  dimensionless  parameter,  designated  the  stability  number,  , 

was  developed  by  Hudson  (1957)  as: 
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(15) 


where 

ui^  =  unit  weight  of  the  rock 
H  =  design  wave  height 

W  =  weight  of  an  individual  armor  stone 
When  damage  was  allowed  to  occur  to  the  breakwater  (by  use  of  wave  heights 
greater  than  the  design  wave  height),  the  geometry  of  the  structure,  the  motion 
of  the  water  particles,  and  the  resulting  forces  on  the  breakwater  differed 
from  those  resulting  from  tests  in  which  the  no-damage  criterion  was  used. 

Thus  a  damage  parameter,  D  ,  defined  as  the  percentage  of  armor  units 
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r 


displaced  from  the  cover  layer  by  wave  action,  was  included  by  Hudson  (1957). 

42.  For  breakwater  sections  investigated  in  the  first  phase  of  the 
testing  program,  in  which  the  armor  units  were  rocks  simulating  rounded  and 
smooth  quarry  stones  placed  randomly,  it  was  found  that: 

l/3„ 
w  H 

N  = - - - )T,-  =1(0  ,  H/A  ,  d/A  ,  D)  (16) 

(Sf  -  1)1/J 

In  the  second  phase  of  the  testing  program,  the  armor  units  used  were  pat¬ 
terned  after  the  tetrapod,  and  the  rubble  mound  was  protected  by  two  or  more 
layers  of  armor  units  placed  over  one  or  two  quarrystone  underlayers.  For 
these  tests,  it  was  determined  that: 

l/3„ 
u>  H 

N  =  - - - -Y-.-x  =  f(6  ,  H/A  ,  d/A  ,  r)  (17) 

(s  -  1)W1/J 

Here  r  is  the  thickness  of  the  cover  layer. 

43.  Data  obtained  from  stability  test  of  quarrystone  and  tetrapod 

shaped  armor  units  for  the  no-damage  criteria  are  shown  in  Figure  32  in  the 
form  of  log-log  plots,  with  the  stability  number,  ,  as  the  ordinate, 

cot  0  as  the  abscissa,  and  the  shape  of  the  armor  unit  as  the  parameter. 
Analysis  by  Hudson  (1957)  of  the  test  data  indicated  that  for  the  conditions 
tested,  the  effects  of  the  variables  H/A  and  d/A  on  the  stability  of 
armor  units  are  of  second  order  in  importance  when  compared  with  the  effects 
of  breakwater  slope,  0  ,  and  the  shape  of  the  armor  units,  D  or  r  (no 
period  effect  could  be  ascertained  from  these  data). 

44.  A  formula  for  determining  the  weight  of  armor  units  necessary  to 
ensure  stability  of  rubble-mound  breakwaters  of  the  types  tested,  and  in  rela¬ 
tively  deep  wate  ,  can  be  obtained  from  the  equation  of  the  approximate  best- 
fit  lines  of  Figure  32.  The  lines  AB  and  fTN  were  drawn  through  the  data 
points  with  a  best-tit  slope  of  1/3.  The  equation  of  this  straight  line  on 
log-log  paper  is  of  the  form  y  =  ax*'  ,  where  a  is  the  y-intercept  at  x  =  1 
and  b  is  the  slope  of  the  line.  The  equation  of  lines  AB  and  MN  there¬ 
fore  i  s  : 
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(  1  bis) 


liquation  1  has  been  applied  with  apparent  success  to  many  model-prototype 
studies  under  varying  conditions  of  wave  climate  and  local  topography,  i.e., 
Davidson  (1971,  1978),  Carver  (1976,  1980),  and  Carver  and  Davidson  (1977). 

45.  In  recent  years,  other  investigators  have  become  concerned  that 
there  may  indeed  be  a  period  dependency  effect  on  the  stability  of  armor  units 
ot  rubble-mound  structures.  Whillock  and  Price  (1976)  reported  that  during  an 
investigation  for  the  design  of  dolosse  for  the  High  Island  Breakwater  in  Hong 
Kong,  various  slopes  of  breakwater  were  subjected  to  waves  of  different  periods. 
Having  selected  a  wave  period,  the  wave  height  was  increased  until  failure  oc¬ 
curred.  A  definite  influence  of  wave  period,  T  ,  was  observed  by  these  re¬ 
searchers.  As  the  wave  period  increased,  the  wave  tended  to  surge  onto  the 
protective  layer  rather  than  break.  This  set  up  high  velocities  over  the  sur¬ 
face  layer.  It  was  suspected  from  observations  of  many  tests  that  although 
dolosse  were  very  stable  to  plunging  breakers  acting  normal  to  the  slope,  their 
weakness  lies  in  their  inability  to  resist  the  drag  caused  by  this  surface  flow. 

46.  Rruun  and  Gunbak  (1976),  and  Bruun  (1979),  found  a  "phase  differ¬ 
ence"  to  be  the  dominant  factor  in  the  relation  between  waves  and  structure 
geometry.  They  defined  this  period  effect  "phase  difference"  as  the  ratio 
of  the  runup  time  to  the  wave  period,  T  .  Sol  lift  and  DeBok  (1976)  found 
that  for  a  given  value  of  wave  steepness  and  depth,  the  short-period  waves 
always  produced  less  absolute  runup.  For  a  given  wave  period,  T  ,  shallower 
water  produced  more  runup  relative  to  the  depth,  and  this  was  reflected  in 
more  damage  to  the  structure  armor  stone. 

47.  Hannoura  and  McCorquodale  (1979)  conducted  experimental  studies  of 
waves  breaking  on  rubble-mound  structures  and  of  the  instantaneous  pressure 
distribution  due  to  the  wave  impact.  They  believed  they  observed  an  effect 
of  period  as  a  result  of  these  studies.  Gravpsen,  Jensen,  and  Sorensen 
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ri;*  sf  f?  1  i  shed  nuiiuscr  i  pt  )  have  conducted  numerous  stability  tests  at  the  Danish 
Hydraulu  Institute.  Thev  report  that  the  stability  coefficient,  ,  i  n 

Hudson's  Kiju.it  i  on  1,  is  proportional  to  the  i  ha  rai  ter  i  st  i .  wave  steepness, 

H/A  ,  with  the  wavelength,  A  ,  being  a  I  unit  ion  ol  both  water  depth,  d  ,  and 
wave  period,  I' 


Stability  ol  Underlayer  Material 


Test  fond 1 1 i  mis 

48.  The  experimental  study  performed  in  this  investigation  was  eon- 
ducted  in  a  b-ft-wide,  b-ft-deep,  aim  120-ft-long  wave  flume.  A  portion  ol 
the  flume  length  was  occupied  by  the  wave  generator  and  model  (16-to-l  stale) 
of  the  rubble-mound  structure  (breakwater,  jetty,  groin,  etc.).  The  model 
structure  was  assumed  to  be  oriented  in  a  manner  such  that  the  incoming  sur¬ 
face  gravity  waves  were  propagating  directly  onto  the  long  axis  of  the  struc¬ 
ture,  as  construction  proceeded  seaward  from  the  coastline.  Recause  of  the 
finite  length  of  wave  flume  remaining  (89  ft),  it  was  necessary  to  generate 
the  test  waves  in  a  burst  of  finite  duration,  to  then  cease  wave  generation, 
and  to  allow  the  water  surface  to  become  still  before  generating  another  hurst 
of  waves.  This  method  prevented  reflected  wave  energy  from  returning  to  the 
wave  generator  and  being  rereflected  with  the  newly  generated  waves  back 
toward  the  structure  (thus  distorting  the  initial  wave  calibration). 

49.  The  duration  of  an  actual  burst  of  generated  waves  varied,  depend¬ 
ing  on  the  period  of  the  wave  and  the  water  depth.  The  duration  consisted  of 
the  time  necessary  for  a  generated  wave  to  travel  from  the  wave  generator  to 
the  model  structure  and  return  to  the  wave  generator.  This  time  increment  was 
about  30  to  4b  sec;  however,  the  amount  of  time  necessary  to  allow  the  water 
surface  to  become  still  before  the  next  burst  of  waves  was  generated  was  ap¬ 
proximately  5  min.  Only  6  to  12  waves  could  be  generated  in  a  burst  (depend¬ 
ing  oi  the  travel  time  of  2-,  3-,  4-,  and  b-sec  waves  in  O.bO  and  1.00  ft  of 
water  depth).  Hence  a  significant  portion  of  the  model  operation  time  was 
spent  in  quieting  the  water  surface.  A  longer  flume  would  have  permitted  more 
waves  to  be  generated  in  a  burst,  thus  reducing  the  amount  of  time  required  to 
perform  this  experimental  physical  model  investigation. 

50.  Typical  representative  examples  of  the  tests  which  were  conducted 
are  shown  photographically  in  Appendix  A,  at  the  conclusion  of  a  particular 
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test.  A  minimum  number  of  at  least  500  individual  waves  were  generated  at 
each  of  the  sections  of  underlayer  material  tested.  If  significant  movement 
of  material  occurred  prior  to  this  number  of  waves  being  generated,  then 
testing  of  a  particular  material  and  wave  combination  may  have  been  termi¬ 
nated,  as  it  could  be  concluded  that  this  particular  combination  of  parameters 
produced  an  unstable  condition.  Occasionally,  the  number  of  waves  in  a  test 
would  be  continued  to  gain  additional  information  for  supplemental  purposes. 
Model  operator  sketches  of  the  movement  of  underlayer  material  after  N  num¬ 
ber  of  waves  during  a  test  is  shown  in  Appendix  B.  (The  last  sketch  of  the 
figures  of  Appendix  B  should  correspond  to  the  appropriate  photograph  of  Appen 
d  i  x  A .  ) 

51.  Preliminary  tests  used  for  the  development  of  this  experimental 
test  program  had  indicated  that  the  greatest  amount  of  underlayer  material 
movement  would  be  produced  by  breaking  waves  which  plunge  directly  onto  the 
toe  of  the  rubble-mound  structure.  For  a  given  wave  period,  T  ,  higher  waves 
would  break  seaward  of  this  location  and  the  reduced  wave  energy  would  not 
cause  as  much  material  movement.  Lower  waves  at  this  period  would  break  on 
the  structure,  and  the  effects  would  be  less  noticeable  on  the  underlayer  mate 
rial.  Hence,  in  the  testing  operation,  it  was  necessary  to  set  the  desired 
wave  period  and  then  adjust  the  stroke  of  the  wave  generator  to  produce  a  wave 
that  would  break  at  the  desired  location  (the  position  of  most  severe  wave 

ef  fects ) . 

52.  The  majority  of  the  failures  occurred  as  material  moved  from  the 

seaward  edge  of  the  underlayer  section  toward  the  base  of  the  rubble-mound 
structure.  The  temporal  movement  was  functionally  related  to  the  wave  char¬ 
acteristics  (wave  height,  ,  and/or  wave  period,  T),  and  to  the  size  of 

the  material  being  tested.  For  some  tests  that  utilized  an  underlayer  section 
which  was  relatively  long  when  compared  with  the  water  depth,  d  ,  or  wave 
height,  ,  the  instability  would  be  reflected  as  a  failure  -,ection  at  some 

location  other  than  the  toe  of  the  underlayer  section.  This  implies  that  if 
all  sections  could  be  extended  far  enough  seaward,  the  instability  would  ap¬ 
pear  as  a  scour  hole  development  through  the  underlayer  section,  and  the  sta¬ 
bility  then  becomes  also  a  function  of  the  layer  thickness.  (All  tests  in 
this  study  were  conducted  with  a  layer  test  section  thickness  of  2  ft  proto¬ 
type.)  It  is  impractical  to  extend  an  underlayer  section  for  an  infinite  dis¬ 
tance  seaward;  hence  the  optimization  of  material  size,  ,  and  layer 


f- 
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extent,  L  ,  with  wave  characteristics  is  necessary  for  efficient  construction 
methods.  The  168  tests  performed  in  this  study  are  presented  in  Table  7. 

Data  display 

53.  A  review  of  the  pertinent  variables  involved  indicates  that  the  sta¬ 
bility  of  an  underlayer  section  (for  fixed  underlayer  thickness)  may  be  ex¬ 
pressed  as  some  functional  relationship  between  nine  basic  parameters: 


f(ww  ,  u*r  ,  WUL  ,  Hb  ,  T  ,  g  ,  d  ,  L  ,  A)  =  0 


All  symbols  have  been  defined  previously,  and  =  Wr/U)w  •  A  layer  of  2-ft- 
thick  prototype  underlayer  material  was  utilized  throughout  these  tests;  hence 
the  dependency  on  thickness  was  not  evaluated  in  this  study.  Since  it  was  de¬ 
sired  to  display  these  data  in  a  manner  similar  to  that  of  Hudson  (1957)  for 
the  armor  slope  stability  of  rubble-mound  structures,  the  stability  number, 

Ng  ,  can  again  be  expressed  as  Equation  15  and  becomes  functionally  related  to 
two  other  fully  independent  dimensionless  terms: 


Tr  ri 

=  ;77-~nJ«=,[3  '  ^  f]  = 


d  ’  A 


1/2 

Since  shallow-water  waves  were  used,  A  =  T(gd)  '  ,  and  the  angle  of  the 

breakwater  seaward  slope  with  the  horizontal,  0  ,  becomes  meaningless  for  the 
underlayer  material  section  of  this  analysis. 

54.  For  constant  values  of  the  parameter  L/d  .  the  data  of  Table  7  are 

displayed  in  Figures  33-38  as  versus  d/A  ,  where  L  is  the  extent  of 

the  underlayer  section,  and  A  is  the  wavelength.  While  the  data  are  fairly 
limited  for  each  individual  value  of  L/d  ,  it  does  appear  reasonable  to  sepa¬ 
rate  the  regions  of  stability  from  the  unstable  regions  by  a  straight  line  on 
these  log-log  plots.  While  the  precise  slope  of  such  a  straight  line  cannot 
be  determined,  it  appears  that  the  same  line  slope  could  equally  well  be  fit 
to  each  of  these  figures,  except  for  Figure  38,  which  is  inconel usive. 

55.  The  data  of  Table  7  are  again  displayed  in  Figures  39-46  as  N^_ 
versus  L/d  ,  for  constant  values  of  the  parameter  d/A  .  Here  again,  the 
data  are  fairly  limited  for  each  individual  value  of  d/A  ;  however,  the  re¬ 
gions  of  stability  may  be  separated  from  the  unstable  regions  adequately  with 
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Tab]**  7 


Test  Conditions^  Underlayer  Material  and  Wave  Character j si i rs 


Still- 

Water 

Wave 

Maximum 
Breaker  Wave 
Height 

H.  ,  ft 
b 

Wave¬ 

Underlayer 

Ma  t  e  r  i  a  1 

Ave  rage 
Model  Stone 

We  i  gilt 

V  -  "■ 

1/3.. 

uj  H. 

r  h 

Stahl  e 

Depth 
d  ,  It 

Pe  r  t  od 

T  ?  sec 

length 

A  ,  1 1 

Ext ent 

L  ,  tt 

1. 

A 

<*r  - 

or 

Unslah 1 

0.5 

0 .  65 

8.02 

J 

0.  1? 

0.0085 

11.05 

S 

0.  5 

2 

0.65 

8.02 

3 

0.37 

0.0175 

8.68 

S 

0 .  5 

2 

0.65 

8.02 

3 

0.  17 

0.0315 

7  .  14 

S 

0.5 

2 

0 . 65 

8.02 

3 

0.  17 

0.0520 

6.05 

S 

0.5 

2 

0.65 

8.02 

3 

0.37 

0.0795 

5 . 25 

S 

o.  5 

2 

0 . 65 

8.02 

3 

0.37 

0.1405 

4  .  14 

S 

0.5 

2 

0 . 65 

8.02 

1 

0.37 

0 . 2540 

1.56 

S 

0.5 

2 

0 . 65 

8.02 

5 

0.62 

0 . 0085 

1  1  .05 

S 

0.5 

2 

0.65 

8.02 

5 

0.62 

0.0175 

K  .  b8 

S 

0.5 

2 

0.65 

8.02 

5 

0.62 

0.0  115 

7  .  14 

S 

0.5 

2 

0.65 

8 . 02 

5 

0.62 

0.0520 

6.05 

S 

0.5 

2 

0 . 65 

8.02 

5 

0.62 

0.0795 

5.25 

s 

0.5 

2 

0.65 

8.02 

5 

0.62 

0.1405 

4.  14 

s 

0.5 

2 

0.65 

8.02 

5 

0.62 

0.2540 

1 .  56 

s 

0.5 

2 

0.65 

8.02 

7 

0.8  7 

0 . 0085 

11.05 

s 

0.5 

2 

0.65 

8.02 

7 

0.87 

0.0175 

8.68 

s 

0.5 

2 

0.65 

8.02 

7 

0.87 

0.0315 

7  .  14 

s 

0.5 

2 

0.65 

8.02 

7 

0.87 

0.0520 

6.05 

s 

0.5 

2 

0.65 

8.02 

7 

0.87 

0.0795 

5 . 25 

s 

0.5 

2 

0.65 

8.02 

7 

0.87 

0. 1405 

4.  14 

s 

0.5 

2 

0.65 

8.02 

7 

0.87 

0 . 2540 

3.56 

s 

0.5 

3 

0.70 

12.04 

3 

0.25 

0.0085 

11.91 

s 

0.5 

1 

0.70 

12.04 

3 

0.25 

0.0175 

9  .  14 

s 

0.5 

1 

0.70 

12.04 

3 

0 . 25 

0.0315 

7 . 69 

s 

0.5 

.1 

0.70 

12.04 

3 

0.25 

0.0520 

6.51 

s 

0.5 

0.70 

12.04 

3 

0.25 

0.0795 

5 . 65 

s 

0.5 

0.  70 

12.04 

3 

0.25 

0.1405 

4.67 

s 

0.5 

0.70 

12.04 

3 

0.25 

0.2540 

,1.84 

s 

0.5 

1 

0.70 

12.04 

5 

0.42 

0.0085 

11.91 

s 

0.5 

.1 

0.70 

12.04 

5 

0.42 

0.0175 

9 . 34 

s 

0.5 

0.70 

12.04 

5 

0.42 

0.0315 

7 . 69 

s 

0.5 

3 

0.70 

12.04 

5 

0.42 

0 . 0520 

6.51 

s 

0.5 

.1 

0.70 

12.04 

5 

0.42 

0.0795 

5.65 

s 

0.5 

3 

0.70 

12.04 

5 

0.42 

0.1405 

4.6  7 

s 

0.5 

3 

0.70 

12.04 

5 

0.42 

0.2540 

3 . 84 

s 

0.5 

3 

0.70 

12.04 

7 

0.58 

0.0085 

11.91 

s 

0.5 

3 

0.70 

12.04 

7 

0.58 

0.0175 

9.34 

s 

0.5 

3 

0.  70 

12.04 

7 

0.58 

0.0  115 

7.69 

s 

0.5 

3 

0.70 

12.04 

7 

0.58 

0.0520 

b  .  5  1 

s 

0.5 

3 

0.70 

12.04 

7 

0.58 

0.0795 

5.65 

s 

0.5 

3 

0.70 

12.04 

7 

0.58 

0.1405 

4.67 

s 

0.5 

3 

0.70 

12.04 

7 

0.58 

0.2540 

3.84 

s 

0.5 

4 

0.80 

16.05 

.3 

0. 19 

0.0085 

11.61 

u 

0.5 

4 

0.80 

16.05 

3 

0. 19 

0.0175 

10.68 

u 

0.5 

4 

0.80 

16.05 

3 

0.19 

0.0315 

8.  78 

V 

0.5 

4 

0.80 

16.05 

.3 

0.  19 

0.0520 

7.44 

s 

0.5 

4 

0.80 

16.05 

3 

0.  19 

0.0795 

b .  46 

s 

0.5 

4 

0.80 

16.05 

3 

0. 19 

0.1405 

5.34 

s 

0.5 

4 

0.80 

16.05 

3 

0.19 

0.2540 

4.  19 

s 

0.5 

4 

0.80 

16.05 

5 

0.31 

0.0085 

13.61 

V 

0.5 

4 

0.80 

16.05 

5 

0.31 

0.0175 

10.68 

u 

0.5 

4 

0.80 

16.05 

5 

0.31 

0.0315 

8.78 

s 

0.5 

4 

0.80 

16.05 

5 

0.31 

0.0520 

7.44 

s 

0.5 

4 

0.80 

16.05 

5 

0.31 

0.0795 

6 . 46 

s 

0.5 

4 

0.80 

16.05 

5 

0.31 

0. 1405 

5 . 34 

s 

0.5 

4 

0.80 

16.05 

5 

0.31 

0.2540 

4.39 

s 

0.5 

4 

0.80 

16.05 

7 

0.44 

0.0085 

11.61 

s 

0.5 

4 

0.80 

16.05 

7 

0.44 

0.0175 

10.68 

s 

0.5 

4 

0.80 

16.05 

7 

0.44 

0.0315 

R.  78 

s 

0.5 

4 

0.80 

16.05 

7 

0.44 

0.0520 

7.44 

s 

0.5 

4 

0.80 

16.05 

7 

0.44 

0.0795 

6.46 

s 

0.5 

4 

0.80 

16.05 

7 

0.44 

0. 1405 

5  .  14 

s 

0.5 

4 

0.80 

16.05 

7 

0.44 

0.2540 

4 . 39 

s 
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Table  7  (Continued) 


Still- 

Water 
Depth 
d  j  ft 

Wave 

Period 

T  a  sec 

Max imura 

Breaker  Wave 
Height 

,  ft 
b 

Wave¬ 

length 

A  t  tt 

Underlayer 

Material 

Extent 

>• ,  « 

\ 

Average 
Model  Stone 

We i ght 

V  •  lb 

1/3,. 
u»  H. 

r  b 

lSr  '  "C’ 

St  ah  1 

or 

UnstaM 

0.5 

5 

0.68 

20.06 

3 

0.15 

0.0085 

1 1  .57 

V 

0.5 

5 

0.68 

20.06 

3 

0.15 

0.0175 

9 . 08 

S 

0.5 

5 

0.68 

20.06 

3 

0.15 

0.0315 

7.47 

S 

0.5 

5 

0.68 

20.06 

3 

0. 15 

0.0520 

6.33 

s 

0.5 

5 

0.68 

20.06 

3 

0. 15 

0.0795 

5 . 49 

s 

0.5 

5 

0.68 

20.06 

3 

0.15 

0 . 1 405 

4.54 

s 

0.5 

5 

0.68 

20.06 

3 

0.15 

0.2540 

3.7  3 

s 

0.5 

5 

0.68 

20.06 

5 

0.25 

0 . 0085 

11.57 

u 

0.5 

5 

0.68 

20.06 

5 

0.25 

0.0175 

9.08 

s 

0.5 

5 

0.68 

20.06 

5 

0.25 

0.0315 

7.47 

s 

0.5 

5 

0.68 

20.06 

5 

0.25 

0  0520 

6.33 

s 

0.5 

5 

0.68 

20.06 

5 

0.25 

0.0795 

5.49 

s 

0.5 

5 

0.68 

20.06 

5 

0  25 

0. 1405 

4 . 54 

s 

0.5 

5 

0.68 

20 . 06 

5 

0.25 

0.2540 

3.  73 

s 

0.5 

5 

0.68 

20.06 

7 

0 . 35 

0 . 00R5 

11.57 

s 

0.5 

5 

0.68 

20.06 

7 

0.35 

0.0175 

9.08 

s 

0.5 

5 

0.68 

20.06 

7 

0.35 

0  0315 

7.47 

s 

0.5 

5 

0.68 

20.06 

7 

0.35 

0.0520 

6.33 

s 

0.5 

5 

0.68 

20.06 

7 

0.35 

0.0795 

5.49 

s 

0.5 

5 

0 .  b8 

20.06 

7 

0.35 

0.1405 

4  '  4 

s 

0.5 

5 

0.68 

20.06 

7 

0.35 

0.2540 

3.73 

s 

1.0 

2 

1.09 

1 1 . 35 

3 

0.26 

0.0085 

18.54 

u 

1.0 

2 

1.09 

11.35 

3 

0.26 

0.0175 

14.55 

V 

1  .0 

2 

1 .09 

11.35 

3 

0.26 

0.0315 

11.97 

s 

1  .0 

2 

1.09 

11.35 

3 

0.26 

0.0520 

10. 14 

V 

1.0 

2 

1.09 

11.35 

0.26 

0.0795 

8.80 

s 

1  .0 

2 

1  .09 

11.35 

3 

0.26 

0.1405 

7.27 

s 

1  .0 

i 

1.09 

11.35 

3 

0.26 

0.2540 

5.98 

s 

t  .0 

2 

1 .09 

11.35 

5 

0.44 

0.0085 

18.54 

u 

l  .0 

2 

1.09 

11.35 

5 

0.44 

0.0175 

14.55 

s 

1  .0 

2 

1  .09 

11.35 

5 

0.44 

0.0315 

1 1.97 

s 

1  .0 

2 

1  .09 

12.35 

5 

0.44 

0.0520 

10.  lu 

s 

1 .0 

2 

1.09 

11.35 

5 

0.44 

0.0795 

8.80 

s 

1.0 

2 

1  .09 

11.35 

5 

0.44 

0. 1405 

7.27 

s 

1 .0 

2 

1  .09 

11.35 

5 

0.44 

0.2540 

5.98 

s 

1 .0 

2 

1  .09 

11.35 

7 

0.62 

0.0085 

18.54 

s 

l  .0 

2 

1  .09 

11.35 

7 

0.62 

0.0175 

14.55 

s 

1.0 

2 

1.09 

11.35 

7 

0.62 

0.0315 

1  1 .97 

s 

1 .0 

1 .09 

11.35 

7 

0.62 

0.0520 

10.  14 

s 

1 .0 

2 

1  .09 

1 1 . 35 

7 

0.62 

0.0795 

8.80 

s 

1 .0 

2 

1 .09 

11.35 

7 

0.62 

0. 1405 

7.27 

s 

1.0 

2 

1  .09 

11.35 

7 

0.62 

0.2540 

5.98 

s 

1  .0 

1 

1.11 

17.02 

3 

0.  18 

0.0085 

18.88 

V 

1 .0 

1 

1.11 

17.02 

3 

0. 18 

0.0175 

14.81 

V 

1 .0 

:i 

1.11 

17.02 

3 

0. 1R 

0.0315 

12.19 

V 

1.0 

3 

1.11 

17.02 

3 

0.  18 

0.0520 

10. 33 

V 

1  .0 

3 

1.11 

17.02 

3 

0.18 

0.0795 

8.96 

s 

1 .0 

3 

1.11 

17.02 

3 

0. 1R 

0. 1405 

7  41 

s 

1 .0 

3 

1.11 

17.02 

3 

0.  18 

0.2540 

6 .  OR 

s 

1 .0 

3 

1.11 

17.02 

5 

0.29 

0.0085 

1 R  .  S8 

V 

1 .0 

1 

1.11 

17.02 

5 

0.29 

0.0175 

14.81 

V 

l  .0 

3 

1.11 

17.02 

5 

0.29 

0.0315 

12.  19 

s 

1  .0 

3 

1.11 

17.02 

5 

0.29 

0.0520 

10. 33 

e 

1  .0 

3 

1.11 

17.02 

5 

0.29 

0.0795 

8  96 

s 

1 .0 

3 

1.11 

17.02 

5 

0.29 

0.1405 

7.41 

s 

1 .0 

3 

1.11 

17.02 

5 

0.2‘* 

0.2540 

6.08 

s 

1  .0 

3 

1.11 

17.02 

7 

0.41 

0 . 0085 

18. R8 

5 

1 .0 

3 

1.11 

17.02 

7 

0.41 

0.0175 

14  81 

s 

1 .0 

3 

1.11 

17.02 

7 

0.41 

0.0315 

12.19 

s 

1 .0 

) 

111 

17.02 

7 

0  41 

0 . 0520 

1 0  .  1 3 

s 

1  .0 

3 

l .  1 1 

17.02 

7 

0.41 

0.0795 

8.96 

1 .0 

3 

1.11 

17.02 

7 

0.41 

0  .  1405 

7  41 

s 

1  .0 

3 

1.11 

17.02 

7 

0.41 

0.2540 

6  08 

s 
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Table  7  (Concluded) 


Still- 

Water 

Depth 

Wave 

Period 

Max  imiun 
Breaker  Wave 
Height 

H  ft 

Wave¬ 

length 

Underlayer 
Materia  l 
Extent 

1. 

Average 
Model  Stone 

We i ght 

W  1  h 

1  /  3,. 
at  H. 

r  l) 

(S  -  1  )W1/3 

Stable, 

or 

T  sec 

b 

A  j  ft 

L  j  ft 

A 

UI.  ’ 

'  r  1  UL 

Unstable 

l  .0 

4 

1 .45 

22.70 

3 

0.13 

0.0085 

24 . 66 

11 

1.0 

4 

1 .45 

22.70 

3 

0.13 

0.0175 

19.35 

l) 

1.0 

4 

l  .45 

22.70 

3 

0.11 

0.0315 

15.92 

U 

1  .0 

4 

1.45 

22.70 

3 

0.13 

0.0520 

13.49 

U 

1 .0 

4 

1.45 

22.70 

3 

0 . 1  3 

0.0795 

11.70 

U 

1.0 

4 

1.45 

22.70 

3 

0.13 

0. 1405 

9.68 

U 

1.0 

4 

1.45 

22.70 

3 

0 . 1  3 

0.2540 

7 .95 

U 

3.0 

4 

1.45 

22.70 

5 

0.22 

0.0085 

24.66 

11 

1  .0 

4 

1.45 

22.70 

5 

0.22 

0.0175 

19.35 

r 

1.0 

4 

1.45 

22.70 

5 

0.22 

0.0315 

15.92 

u 

1  .0 

4 

1.45 

22.70 

5 

0.22 

0.0520 

1  1.49 

V 

1  .0 

4 

1.45 

22.70 

5 

0.22 

0.0795 

11.70 

V 

1.0 

4 

1.45 

22 . 70 

5 

0.22 

0. 1405 

9 .08 

u 

1 .0 

4 

1.45 

22 . 70 

5 

0.22 

0.2540 

7 .95 

11 

1  .0 

4 

1.45 

22 . 70 

7 

0.3) 

0.0085 

24.60 

l 

l  .0 

4 

1.45 

22 . 70 

7 

0.31 

0.0175 

1 9 . 35 

l' 

1 .0 

4 

1  .45 

22.70 

7 

0.31 

0.0315 

15.92 

11 

1  .0 

4 

1.45 

22 . 70 

7 

0.31 

0.0520 

1  1 . 49 

l. 

1  .0 

4 

1.45 

22 . 70 

7 

0.31 

0.0795 

11.70 

u 

1  0 

4 

1.45 

22 . 70 

7 

0.31 

0 . 1 405 

9 . 08 

V 

1.0 

4 

1.45 

22.70 

7 

0.31 

0.2540 

7.95 

s 

I  .0 

5 

l  .  12 

28.37 

3 

0.  1  1 

0.0085 

1  9 . 05 

l1 

1  .0 

5 

1 . 12 

28.37 

3 

0.  1  1 

0.0175 

14.95 

l! 

1.0 

5 

1.12 

28.37 

3 

0.11 

0.0315 

12.  10 

l 

1  .0 

5 

1  .  12 

28 . 37 

3 

0.11 

0.0520 

10.42 

11 

l  .0 

5 

1  .  12 

28 . 37 

3 

0. 1 1 

0.0795 

9.04 

i: 

1.0 

5 

1  . 12 

28.37 

3 

0. 1  1 

0. 1405 

7.4  7 

u 

1  .0 

5 

1  .  12 

28.37 

3 
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Figure  33.  Stability  number,  N  ,  versus  the  relative  water  depth, 
d/A  ,  for  a  3-ft  extent  of  model  underlayer  section  (L/d  =  3) 
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Figure  34.  Stability  number,  N  ,  versus  the  relative  water  depth, 
d/A  ,  for  a  5-ft  extent  of  model  underlayer  section  (L/d  =  5) 
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Figure  35.  Stability  number,  N,  ,  versus  the  relative  water  depth, 
d/A  ,  for  a  3-ft  extent  of  model  underlayer  section  (L/d  =  6) 
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Figure  36.  Stability  number,  N  ,  versus  the  relative  water  depth, 
d/A  ,  for  a  7-ft  extent  of  model  underlayer  section  (L/d  =  7) 
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Figure  37.  Stability  number,  N  ,  versus  the  relative  water  depth, 
d/A  ,  for  a  5-ft  extent  of  mode]  underlayer  section  (L/d  =  10) 


Figure  38.  Stability  number,  N  ,  versus  the  relative  water  depth, 
d/A  ,  for  a  7-ft  extent  of  model  underlayer  section  (L/d  =  14) 
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Figure  40.  Stability  number,  N  ,  versus  the  structure 
parameter,  L/d  ,  for  relative  water  depth,  d/A  =  0.031 
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Figure  AS .  Stability  number,  N  ,  versus  the  structure 
parameter,  L/d  ,  for  relative  water  depth,  d/A  =  0.062 
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Figure*  46.  Stability  number,  N’  ,  versus  the  structure 
parameter,  L/d  ,  for  relative  water  depth,  d/A  -  0.088 
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a  straight  line  on  these  log-log  plots  (except  for  Figures  42  and  45 ,  which 
are  inconclusive).  Again,  the  precise  slope  of  such  a  straight  line  cannot  he 
precisely  ascertained;  however,  it  appears  the  same  slope  can  be  equally  as 
well  fit  to  data  sets  of  Figures  .51-38  as  to  data  sets  of  Figures  59-46. 

56.  If  indeed  the  same  slope  line  can  be  lit  to  the  data  of  constant 
values  of  L/d  as  can  be  fit  to  the  data  of  constant  values  of  d/A  ,  then  the 
regions  of  stability  can  be  separated  from  the  unstable  regions  on  a  display 
which  plots  the  stability  number,  N  ,  of  Equation  20,  versus  the  relative 
underlayer  section  length,  L/A  : 
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The  precise  functional  representation  can  be  determined  from  Figure  47.  The 
average  best-fit  line  slope  on  this  log-log  plot  which  separates  the  regions 
of  stability  from  the  unstable  regions  is  determined  to  have  a  value  of  2/3. 
While  some  scatter  was  found  to  exist  in  the  experimental  data,  this  value  of 
2/3  can  be  satisfactor i ly  fit  to  the  data  of  Figures  33-46.  The  average  best- 
fit  line  generated  a  stability  number: 
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from  which  the  weight,  ,  of  a  representative  stone  in  the  underlayer  mate 

rial  section  is: 
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57.  Because  of  experimental  scatter  in  a  few  of  the  data  points  of  Fig¬ 
ure  47,  the  average  best-fit  line  (Equation  22)  lies  above  some  of  the  test 
results.  This  implies  that  on  the  average  Equation  22  describes  the  stability 
of  an  underlayer  material  section;  however,  some  tests  were  found  to  exceed  the 
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Figure  47.  Stability  number,  N  ,  versus  the  relative  underlayer  section 
length,  L/A  ,  showing  the  averafe  best-fit  line  to  all  the  experimental 
data,  and  the  conservative  line  enveloping  all  unstable  conditions  tested 


values  of  stone  weight  indicated  by  this  expression  and  by  Equation  23.  In 
order  to  ensure  that  all  the  experimental  data  fall  within  the  stability  region 
described  by  a  stability  number,  a  conservative  stability  number  should  be  es¬ 
tablished  which  will  include  all  the  experimental  data  used  to  generate  the 
representative  stone  weight  size,  >  in  the  underlayer  section.  Such  a 

conservative  line  should  remain  parallel  on  the  log-log  plot  of  Figure  47  with 
the  average  best-fit  line,  but  be  displaced  until  it  passes  through  the  data 
point  of  known  stability  that  lies  adjacent  to  a  companion  test  which  proved  to 
be  unstable.  That  is,  for  a  relative  underlayer  section  length,  L/A  =  0.31  , 
the  experimental  test  which  produced  a  stability  number,  Ng  =  7.95  ,  was 
stable.  The  most  nearly  adjacent  test  in  this  family  of  experiments  at  the 
same  value  of  L/A  =  0.31  was  unstable  and  produced  a  stability  number  of 
=  9.68  .  (These  are  the  data  which  are  displaced  lower  on  Figure  47  from 
the  average  best-fit  line.)  Hence  the  conservative  curve  should  pass  through 
point  L/A  =  0.31  ,  Ng  =  7.95  ,  as  this  was  a  value  of  known  stability  from 
the  experimental  test  results.  The  expression  of  this  conservative  line,  in 
terms  of  stability  number,  ,  is: 
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For  this  conservative  expression,  the  weight,  ,  of  a  representative  stone 

comprising  such  an  underlayer  material  section  can  be  developed  as: 
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The  test  material  used  to  develop  these  conservative  expressions  was  sorted, 
passing  one  gradation  screen  and  being  retained  by  the  next  size  screen.  Fur¬ 
thermore,  the  size  of  the  material  used  in  a  |test  was  defined  as  the  midpoint 
between  these  two  screen  sizes. 
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PART  V:  SUMMARY  AND  CONCLUSIONS 


Summa  ry 

58.  When  major  rubble-mound  stone  structures  such  as  breakwaters, 
jetties,  or  groins  are  constructed  in  the  coastal  zone,  they  alter  the  exist¬ 
ing  current  and  wave  conditions  that  normally  exist  at  a  particular  location. 
Waves  breaking  on  such  structures  under  construction  may  cause  bottom  material 
to  be  suspended  and  transported  from  the  region,  resulting  in  scour  holes  that 
must  be  filled  with  construction  material.  This  may  result  in  substantial 
cost  overruns.  To  minimize  potential  cost  increases  due  to  scour  during  near¬ 
shore  construction,  a  foundation  blanket  of  underlayer  material  can  be  placed 
some  distance  ahead  of  the  construction  of  the  upper  portions  of  the  structure. 
The  stability  of  such  an  underlayer  material  section  will  depend  on  the  size 

of  the  material  used  in  the  layer,  the  extent  of  the  section,  and  the  incoming 
wave  climate. 

59.  The  purpose  of  this  study  was  to  determine  the  stability  during  con¬ 
struction  of  such  an  underlayer  material  section,  which  also  serves  as  the 
foundation  blanket  for  rubble-mound  structures  constructed  on  a  movable  bottom. 

A  simple  beach  profile  consisting  of  straight,  uniform  contours  parallel  with 
the  shoreline  was  physically  modeled  on  a  lV-on-25H  slope  in  a  6-ft-wide  wave 
flume.  A  major  stone  structure  was  assumed  to  be  under  construction  perpendic¬ 
ular  to  the  shoreline  and  thus  perpendicular  to  the  uniform  parallel  contours. 

A  two-dimensional  section  of  this  stone  structure  was  modeled  (16-to-l  linear 
scale  ratio)  along  the  major  axis  of  the  structure.  The  waves  which  produced 
the  most  severe  movement  of  the  underlayer  section  (scour)  were  those  with 
characteristics  that  caused  breaking  with  plunging  to  occur  directly  at  the 
toe  of  the  rubble-mound  structure.  Seven  uniform  material  sizes  were  used  to 
construct  three  different  lengths  of  underlayer  material  sections  (3-,  5-,  and 
7-ft  model  dimensions;  48-,  80-,  and  1 12- ft  prototype  dimensions,  respectively). 
These  21  different  underlayer  sections  were  subjected  to  breaking  waves  with 
periods  of  2-,  3-,  4-,  and  5-sec  model  time  (8-,  1 2- ,  1 6- ,  and  20-sec  proto¬ 
type  time,  respectively).  The  characteristics  of  these  168  individual  tests 
are  presented  in  Table  7.  All  tests  were  performed  with  an  underlayer  mate¬ 
rial  section  thickness  of  2.0  ft  prototype,  which  is  a  typically  representa¬ 
tive  value  presently  being  utilized  under  prototype  conditions. 
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Conclusions 


60.  The  stability  of  an  underlayer  material  section  is  analogous  to  the 
stability  of  the  armor  layer  of  a  rubble-mound  structure,  \  ith  the  exception 
that  the  slope  of  the  seaward  face,  0  ,  of  such  a  structuie  vanishes  from 
this  problem  and  thus  is  not  a  pertinent  variable.  Hence  the  objective  of  the 
experimental  study  was  to  determine  which  of  those  combinations  of  underlayer 
material  sizes  and  wave  characteristics  would  result  in  a  stable  condition. 

The  majority  of  the  failures  (unstable  conditions)  occurred  as  material  moved 
from  the  seaward  edge  of  the  underlayer  section  toward  the  base  of  the  rubble- 
mound  structure.  This  temporal  movement  was  functionally  related  to  the  wave 
characteristics  (breaking  wave  height,  ,  and/or  wave  period,  T) ,  and  to 

the  size  of  the  material  being  tested,  •  For  some  tests  that  utilized 

an  underlayer  section  which  was  relatively  long  when  compared  with  the  water 
depth,  d  ,  or  breaking  wave  height,  ,  the  instability  would  be  reflected 

as  a  failure  section  at  some  location  other  than  the  toe  of  the  underlayer 
section.  This  implies  that  if  all  sections  could  be  extended  far  enough  sea¬ 
ward,  the  instability  would  appear  as  a  scour  hole  development  through  the  un¬ 
derlayer  section  (the  instability  becomes  a  function  of  layer  thickness). 

Since  it  is  impractical  to  extend  an  underlayer  section  for  an  infinite  dis¬ 
tance  seaward,  the  optimization  of  material  size,  ,  and  layer  extent, 

L  ,  with  wave  characteristics  of  breaking  height,  ,  and  length,  A  ,  is 

necessary  for  efficient  construction. 

61.  The  stability  of  an  underlayer  section  may  be  expressed  as  some 
functional  relationship  between  nine  basic  parameters: 

/(ww  -  wr  ,  WUL  ,  Hb  ,  T  ,  g  ,  d  ,  L  ,  A)  =  0  (19  bis) 

The  effect  of  thickness  of  the  underlayer  material  section  was  not  investigated 
in  these  tests.  Since  it  was  desired  to  display  these  experimental  data  in  a 

i 

manner  similar  to  that  of  Hudson  (1957)  for  the  armor  slope  stability  of  rubble- 
mound  structures,  the  stability  number,  Ng  ,  can  be  developed  and  is  function¬ 
ally  related  to  two  other  fully  independent  dimensionless  terms: 

I 
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(20  bis) 


62.  It  was  determined  that  for  constant  values  of  the  structure  param¬ 
eter,  L/d  ,  a  straight  line  could  be  fit  to  a  display  of  the  stability  number, 
Ns  ,  versus  relative  water  depth,  d/X  .  Furthermore,  a  straight  line  of  the 
same  slope  could  be  fit  to  a  display  of  the  stability  number,  Ng  ,  versus  the 
structure  parameter,  L/d  ,  for  constant  values  of  relative  water  depth,  d/X  , 
when  all  data  are  displayed  on  log-log  plots.  This  implies  that  if  the  same 
slope  line  can  be  fit  to  data  of  constant  values  of  L/d  as  it  can  be  fit  to 
data  of  constant  values  of  d/X  ,  then  the  stability  number,  Ng  ,  of  Equa¬ 
tion  20  is  simply  a  function  of  only  one  other  dimensionless  parameter,  that 
being  the  relative  underlayer  section  length,  L/X  . 
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This  functional  relationship  can  be  determined  by  separating  the  regions  of 
stability  from  the  unstable  regions  on  a  display  that  plots  the  stability 
number,  ,  versus  the  relative  underlayer  section  length,  L/X  (Figure  47). 

63.  The  average  best-fit  line  separating  stable  from  unstable  regions 
for  all  of  the  experimental  data  of  this  physical  model  investigation  generated 
a  stability  number,  Ng  : 
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From  this  expression  can  be  deduced  the  weight,  ,  of  a  representative 

stone  comprising  an  underlayer  material  section  for  this  average  best-fit 
1  ine : 
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64.  Because  of  experimental  scatter  in  some  of  the  data  points,  some 
tests  were  found  to  exceed  the  values  of  stone  weight,  >  indicated  by 

Equation  23.  In  order  to  ensure  that  all  the  experimental  data  fall  within 
the  stability  region  described  by  a  stability  number,  a  conservative  stability 
number  was  developed  which  included  all  the  experimental  data  used  to  generate 
the  representative  stone  weight,  ,  of  the  underlayer  section.  The  ex¬ 

pression  for  this  conservative  stability  number,  Ng  ,  is: 
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with  the  corresponding  conservative  expression  for  the  weight,  ,  of  the 

representative  stone  comprising  such  an  underlayer  material  section: 
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Equation  25  is  the  recommended  equation  for  determining  the  weight,  ,  of 

rock  that  will  remain  stable  during  construction  for  given  wave  conditions. 
Since  these  data  were  obtained  from  the  most  severe  wave  conditions  (waves 
that  break  and  plunge  directly  at  the  toe  of  the  structure),  the  application 
of  these  results  to  less-severe  wave  climates  will  indicate  a  stone  size  re¬ 
quirement  larger  than  necessary.  Hence  Equation  25  is  additionally 
conservative . 
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APPENDIX  A:  TEST  CONDITIONS 
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Photo  A2 .  Material  20  to  50  lb  prototype  (W  =  35  lb  prototype);  initial 
layer  extent,  3.0  ft  model  =  28  ft  prototype;  'number  of  waves  1,120;  bed 
slope  IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototypi 
wave  period  12  sec  prototype;  maximum  wave  height  11.2  ft  prototype 
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Photo  A4 .  Material  20  to  50  lb  prototype  (W  =  35  lb  prototype);  initial 
layer  extent,  3.0  ft  model  =  48  ft  prototype;  number  of  waves  318;  bed  sloj 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototype;  wavt 
period  20  sec  prototype;  maximum  wave  height  10.9  ft  prototype' 


Photo  A6 .  Material  20  to  50  lb  prototype  (Will.  =  55  lb  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  880;  bed 
slope  IV  on  2511;  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototype 
wave  period  12  see  prototype1;  maximum  wave  ht  ight  11.2  ft  prototype 
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Photo  A7.  Material  20  to  50  lb  prototype  (W  -  35  1  h  prototype);  liiiti.i 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  'number  of  waves  500;  bed  si 
IV  on  2.5H;  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototype; 
wave  period  16  sec  prototype;  maximum  wave  height  12.8  ft  prototype 
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Photo  A8 .  Material  20  to  50  lb  prototype  (W  =  35  lb  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  354;  bed  slope 
IV  on  2511;  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototype;  wave 
period  20  sec  prototype;  maximum  wave  height  10.9  It  prototype 
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Al.  daleri.il  20  to  r>0  1 |>  prototype  (W  =  iS  lh  prototype);  initi.il 
>  ■  x  t ' -i  1 1  ,  t.o  ll  model  -  48  It  prototype;  number  of  waves  1,02b;  lied  slope 
.’r)ll;  l.iyei  thiikness  2  ft  prototype;  water  depth  16  It  prototype;  wave 
I’eriod  8  sec  prototype;  maximum  wave  height  17.4  It  prototype 
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Photo  A 1 4 .  Mi  itcri.il  20  to  M)  1  b  prototype  (W  r 
|  oyer  extent,  5.0  tt  model  -  4,H  )  1  prototype;  rrmiiher 
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Jhoto  A15.  Material  20  to  50  lb  prototype  (W^  -  35  lb  prototype);  initial 
layer  extent,  3.0  ft  model  =  48  f »  prototype;  number  of  waves  AA 1 ;  bed  slept 
IV  on  2511;  layer  thickness  2  ft  prototype;  water  depth  16  (t  prototype;  wavt 
period  20  see  prototype;  maximum  wave  height  17.0  ft  prototype 
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Photo  A18.  Material  20  to  bO  Lb  prototype  (w,.j  =  3b  lb  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  31b;  bed  slope 
IV  on  2SH;  layer  thickness  2  ft  prototype;  water  depth  lb  ft  prototype;  wave 
period  lb  sec  prototype;  maximum  wave  height  23.2  It  prototype 
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Photo  A19.  Material  20  to  50  lb  prototype  (W  =  35  lb  prototype);  initial 
layer  extent,  5.0  It  model  =  80  ft  prototype;  number  of  waves  371;  bed  slope 
IV  on  2 511 ;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  20  sec  prototype;  maximum  wave  height  17.9  ft  prototype 
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Photo  A22 .  Material  20  to  50  lb  prototype  (WUL  =  35  lb  prototype);  initial 
layer  extent,  7.0  ft  model  =  112  ft  prototype;  number  of  waves  420;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  16  sec  prototype;  maximum  wave  height  23.2  ft  prototype 
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Photo  A23.  Material  20  to  50  lb  prototype  (WUL  =  35  lb  prototype);  initial 
layer  extent,  7.0  ft  model  =  112  ft  prototype;  number  of  waves  427;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  20  sec  prototype;  maximum  wave  height  17.9  ft  prototype 
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layer  extent^sT^  mode?  9_\lh  ™  lb  prototype);  initial 

IV  on  2?H*  ^  l  prototype;  number  of  waves  610;  bed  slope 

25H,  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototype;  wave 
period  16  sec  prototype;  maximum  wave  height  12.8  ft  prototype 
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Photo  A27.  Materia]  50  to  95  lb  prototype  (WUL  =  72  lb  prototype);  initial 
Layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  500;  bed  slept 
IV  on  25H;  layer  thickness  2  ft  prot<  ivp.  :  wui  •  lepth  8  ft  prototype;  wave 
period  20  s^r  prototype;  maximum  wav  ■  ht  i;ht  .>'.9  It  prototype 


Photo  A28.  Material  50  to  95  lb  prototype  (WUL  =  72  lb  prototype);  initial 
layer  extent,  7.0  ft  model  =  112  ft  prototype;  number  of  waves  650;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototype;  wave 
period  16  sec  prototype;  maximum  wave  height  12.8  ft  prototype 
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Photo  A30.  Material  SO  to  03  lb  prototype  fWll.  -  72  lb  prototype';  initial 
layer  extent ,  3.0  ft  model  -  48  ft  prototype;  number  of  waves  ‘>72;  bed  slop 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  !t>  ft  prototype;  wav 
period  8  sec  prototype;  maximum  wave  lieiyht  17.4  ft  pro‘otype 
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Photo  A31.  Materi.il  SO  to  l)S  lb  prototype  (Will.  -  72  lb  prototype);  initial 
layer  extent,  .1.0  It  mmlel  =  48  ft  prototype;  number  of  waves  SOP;  bed  slope 
IV  on  2SH;  layer  thiekness  2  It  prototype;  water  depth  16  ft  prototype;  wave 
period  12  see  prototype;  maximum  wave  height  17.8  ft  prototype 


Photo  A22.  Material  SO  to  95  lb  prototype  (Will,  =  72  lb  prototype);  initial 
I  aver  extent ,  ;j.O  ft  model  =  48  ft  prototype;  number  of  waves  .101;  bed  slope 
IV'  on  25H;  layer  thickness  2  ft  prototype;  water  depth  lb  ft  prototype;  wave 
period  16  sec  prototype;  maximum  wave  height  2.1.2  ft  prototype 


Photo  A33.  Material  30  to  95  1  b  prototype  (Will,  =  72  lb  prototype');  initial 
layer  extent,  3.0  ft  model  =  48  ft  prototype;  number  of  waves  455;  bed  slope 
IV  on  25H;  layer  thickness  2  It  prototype;  water  depth  lb  ft  prototype;  wave 
period  20  see  prototype;  maximum  wave  height  17.9  It  prototype 
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Photo  A34.  Material  50  to  95  lb  prototype  (WUL  =  72  lb  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  682;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  12  sec  prototype  maximum  wave  height  17.8  ft  prototype 
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Photo  A35  .  Material  50  to  95  lh  prototype  (Will.  =  72  Jl>  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  It  prototype;  nninher  of  waves  2)0;  bed  slope 
IV  on  25H;  layer  thickness  2  It  prototype;  water  depth  10  ft  prototype;  wave 
period  16  sec  prototype;  maximum  wave  height  21.2  It  prototype 
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Photo  A36.  Material  50  to  95  lb  prototype  (WUL  =  72  lb  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  434;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  20  sec  prototype;  maximum  wave  height  17.9  ft  prototype 
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IV  on  2511;  layer  thickness  2  ft  prototype;  water  <1»  •  p  t  h  !(>  tl  prototype;  wave 


period  8  sec  prototype;  maximum  wave  height  1’.4  tl  prototype 
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f’hoto  A31) .  Material  30  to  03  lb  prototype  (WU1,  -  73  lb  prototype);  initial 
aver  extent,  7.0  ft  model  =  113  It  prototype;  number  of  waves'  lot. ;  bed  slop 
IV  on  ~-3H ;  layer  thickness  2  It  prototype;  water  depth  It,  ft  prototype';  wave 
period  It,  set  prototype;  maximum  wave  height  22.2  ft  prototype 
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Photo  AM) .  M.iteri.il  r>0  to  Qr)  lb  prototype  (Will.  =  72  lb  prototype);  initi.il 
Liter  extent,  7.0  ft  model  =  112  ft  prototype;  number  of  wives  4t>() ;  lied  s  1  opt 
IV  on  2 r)  II ;  Liver  thickness  2  ft  prototype;  w.iter  depth  1 1>  It  prototype;  wove 
period  JO  set  prototype;  m.ixinium  w.ive  height  17.0  ft  prototype 
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Photo  A42.  Material  95  to  165  lb  prototype  (Wl)L  =  130  lb  prototype);  initial 
layer  extent,  3.0  ft  model  =  48  ft  prototype;  number  of  waves  600;  bed  slope 
IV  on  25H ;  layer  thickness  2  ft  prototype;  water  depth  8  ft  prototype;  wave 
period  16  sec  prototype;  maximum  wave  height  12.8  ft  prototype 
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-’hotii  A4  / .  Material  95  to  1(>5  lb  prototvpe  (.Will,  =  l.H)  lb  prototype);  i  hi  t  i 
layer  extent,  7.0  It  model  =  112  It  prototype;  number  of  waves  800;  bed  sio 
IV  on  2511;  layer  thickness  2  It  prototype';  water  depth  8  It  prototype;  wave 
period  lb  set  prototype;  maximum  wave  height  12.8  It  prototype 
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Photo  A52.  Material  95  to  165  lb  prototype  (WUL  =  130  lh  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  399;  bed  slope 
IV  on  2511;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  20  sec  prototype;  maximum  wave  height  17.9  ft  prototype 


Photo  A5:i .  Material  95  to  165  lb  prototype  (Will,  =  130  lb  prototype);  initial 
layer  extent,  7.0  ft  model  =  112  ft  prototype;  number  ot  waves  366;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  10  ft  prototype;  wav.', 
period  16  sec  prototype;  maximum  wave  height  23.2  ft  prototype 


Photo  AbA.  Material  ()!i  to  It>S  Ih  prototype  (WUI.  -  1  SO  lb  prototype);  tnitia 
layer  extent,  7.0  tt  model  -  112  It  prototype;  number  ot  waves  a80;  bed  slop 
IV  on  2.SH;  layer  lluekness  2  tt  prototype;  water  deplti  1  (>  tt  prototype;  wave 
period  20  see  prototype;  maximum  wave  height  17.')  tt  prototype 
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Photo  A56 .  Material  165  to  260  lb  prototype  (WUL  =  212  lb  prototype);  initial 
layer  extent,  5.0  ft  model  =  80  ft  prototype;  number  of  waves  420;  bed  slope  H 
on  25H;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  20  sec  prototype;  maximum  wave  height  17.9  ft  prototype 


Photo  A57.  Material  1 6 5  to  260  lb  rototype  ( WTJL  =  212  lb  prototype);  initial 
Layer  extent,  7.0  ft  model  =112  ’  prototype;  number  oi  waves  166;  bed  slope 

IV  on  25H;  layer  thickness  2  ft  p'  -  otype;  water  depth  1  r>  ft  prototype;  wave 
period  16  sec  prototype;  mix;mu,n  wave  height  23.2  ft  prototype 
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Photo  A61.  Material  260  to  390  lb  prototype  (WML  =  325  lb  prototype);  Miitt.i 
layer  extent,  3.0  ft  model  =  38  ft  prototype;  number  of  waves  500;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  lb  It  prototype;  wave 
period  20  see  prototype;  maximum  wave  height  17.9  tt  prototype 
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Photo  A62.  Material  260  to  390  lb  prototype  (WUL  =  325  lb  prototype);  initial 
layer  extent,  7.0  ft  model  =  112  ft  prototype;  number  of  waves  366;  bed  slope 
IV  on  25H;  layer  thickness  2  ft  prototype;  water  depth  16  ft  prototype;  wave 
period  16  sec  prototype;  maximum  wave  height  23.2  ft  prototype 
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Photo  A65 .  Material  300  to  76r)  lb  prototype  (Will.  -  S  7  7  1  h  prototype),  initial 
layer  extent,  7.0  ft  moilel  =  112  ft  prototype;  number  of  waves  Hit) ;  b<ul  slope 
IV  on  25H ;  layer  thickness  2  ft  prototype;  water  depth  10  ft  prototype;  wave 
period  If)  sec  prototype;  maximum  wave  height  21.2  It  prototype 


Photo  A66 .  Material  765  to  1,320  lb  prototype  (Will,  =  1,042  lb  prototype) 
initial  layer  extent,  3.0  ft  model  =  48  ft  prototype;  number  of  waves  0; 
bed  slope  IV  on  25H;  layer  thickness  2  ft  prototype 
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APPENDIX  B:  MATERIAL  LOCATION  AFTER  N  WAVES 


MA1TK1.U  LOCATION  \FTI.R  N  WAVL5 


Still  -Wat  e  r  Depthj  ft 
Mo  Jo  2:  0. 5 

Prototype:  S , 0 


Structure  Slope; 


Toe  of  Structure 


Layer  Thickness,  ft 
Model:  0.1J5 
Prototype:  2.0 


Layer  l.xtout,  ft 
Mode  1 :  5 

Prototype:  48 


Mate  rial_  S jLZc'j__ija . 
Model:  3/8  -  1/2 
Prototype:  6-8 


Material  Keiyiit,  lb 
Model:  0.005  -  O.Old 
Prototype:  20  -  50 


u 

2  3-° 

m 

U-i 

°  5.5 


I  4.0 


Initial  Location- 


Wave  Period,  sec 
Mode  1 :  4 

Prototype:  i(> 


o 

a  4.5 


=>  5.0 


lied  Slope:  IV  on  2  311 


Mux i nuin  lire. ike r 
Wave  1U  i  ^li  t ,  It 

Model:  0.80 


Prototype-:  12. 8 
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MATERIAL  LOCATION  AFTER  N  WAVES 


Still-Water  Depth,  ft 


Model:  0.5 
Prototype:  8.0 


Structure  Slope 


Toe  of  Structure-:. 

■  • . . 


Layer  Thickness,  ft 
Model:  0.125 
Prototype:  2.0 


Layer  Extent,  ft 
Model:  7 
Prototype:  112 


Material  layer  appeared  to  be 
getting  thin  in  this  region. 


Material  Size,  in. 
Model:  3/8  -  1/2 
Prototype:  6-8 

Material  Weight,  lb 
Model:  0.005  -  0.012 
Prototype:  20  -  50 


Wave  Period,  sec 
Model:  5 
Prototype:  20 


Bed  Slope:  IV  on  25H 


Maximum  Breaker 
Wave  Height,  ft 

Model:  0.68 

Prototype:  10.9 


u 

2  3.0 

'A 

°  3.5 


|  4.0 
* 


<2  4.5 


<=>  5.0 


Initial  Location- 


N  =  500 


B9 


s' 


BIO 


MATERIAL  LOCATION  AFTER  N  WAVES 


Still-Water  Depth,  ft 
Model:  1.0 


Prototype:  16.0 

0.0 

Layer  Thickness,  ft 

0.5 

Model:  0.1 2S 

Prototype:  2.0 

1.0 

Layer  Extent,  ft 

l.S 

Model:  3 

Prototype:  48 

4-> 

2.0 

Material  Size,  in. 

<1> 

2.5 

Model:  3/8  -  1/2 

P 

4~> 

Prototype:  6-8 

O 

P 

f-i 

3.0 

4-» 

m 

Material  Weight,  lb 

o 

3.5 

Model:  0.005  -  0.012 

o 

o 

H 

Prototype:  20  -  50 

6 

Q 

4.0 

u 

<4-t 

Wave  Period,  sec 

o 

u 

c: 

4.5 

Model:  3 

rt 

■M 

</3 

Prototype:  12 

*  r-i 

Q 

5.0 

Bed  Slope:  IV  on  25H 


Maximum  Breaker 

6.0 

Wave  Height,  ft 

Model:  1.11 

6. 5 

Prototype :  17.8 

7.0 

Bll 


B12 


B13 
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B 14 
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B 16 
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B 1 7 
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Distance  from  Toe  of  Structure,  ft 
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MATERIAL  LOCATION  A1T1:I!  N  WAVES 


Still-Water  Depth,  ft 

Model:  1.0 

Prototype:  lt>.0 

u .  0 

Layer  Thickness,  ft 

0.5 

Model:  0.123 

Prototype:  2.0 

1.0 

Layer  Extent,  ft 

1.5 

Model :  7 

Prototype:  112 

4— • 

2.0 

Mate r ia 1  Size,  _in . 

->  r- 
_  .  J 

Model:  3/8  .  j/j 

u 

•M 

Prototype:  0-8 

O 

3 

3.0 

•M 

m 

Material  Weight,  lb 

4-< 

O 

3.5 

Model:  0.Q05  -  0.012 

O 

O 

H 

Prototype:  20  -  50 

E 

O 

4.0 

,  :lve  Period,  sec 

O 

O 

4.3 

1:  4 

C3 

4-1 

m 

Prototype:  k, 

3 

5 . 0 

Bed  Slope:  IV  on  2311 

5.5 

Maximum  Breaker 

Wave  Height,  ft 

<>.0 

Model:  1.45 

Prototype:  23.2 

() .  5 

7.0 
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MATERIAL  LOCATION  AFTER  N  WAVES 
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B23 


B25 


B26 
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MUTUAL  LOLA  1  I()\  A1-T1.K  M  WAITS 

St  i  1  1 -Water  Depth,  i  t 
Mod e  1 :  1.0 

i’rototvue:  io.O 

0 .  i ) 

Layer  Thickness,  ft 
Mode  i :  0 . 1  -  -■> 

Prototype:  d.O 

Layer  Lxtent,  ft 
Mode  1 :  3 

Prototype:  48 

Ma  ter  i  a  1  Size,  jji . 

Model:  1/ J  -  5/8 
Prototype:  8  -  10 

Mat '.'rial  W  e  i  yht,  lb 
Model:  0.012  -  0.0.15 
Prototype:  50  -  95 

Wave  Period,  see 
Model:  4 
Prototype:  lt> 

Bed  Slope: _ IV  on  25H 

Maximum  Breaker 
Wave  He  iglit ,  f  t 

Model:  1.43 

<> .  5 

Prototype:  43.2 


7.0 


Distance  from  Toe  of  Structure,  ft 
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MATERIAL  LOCATION  AFTER  N  WAVES 


Still-Water  Depth,  ft 

Model:  1.0 

Prototype:  lfa.O 

0.0 

Layer  Thickness,  ft 

0.5 

Model:  0.125 

Prototype:  2.0 

1.0 

Layer  Extent,  ft 

1.5 

Model:  7 

Prototype:  112 

2.0 

Mat or ial  Size,  in. 

Model:  1/d  -  5/8 
Prototype:  8-10 

Material  Weight,  lb 
Model:  0.012  -  0.025 
Prototype:  50  -  05 

Wave  Period,  sec 
Model:  2 

Prototype:  8 

Bed  Slope :  IV  on  25H 

Maximum  Breaker  <,-() 

Wave  Height,  ft 

Model:  1.09 

fa .  5 

Prototype:  17.4 


Distance  from  Toe  of  Structure,  ft 


MATERIAL  LOCATION  AFTER  N  WAVES 


Still-Water  Depth,  £t 
Model:  1.0 
Prototype:  16.0 


Layer  Thickness,  ft 
Model:  0.125 
Prototype:  2.0 


Layer  Extent,  ft 
Model:  7 
Prototype:  112 


Material  Size,  in. 
Model:  1/2  -  5/8 
Prototype:  8-10 


Material  Weight,  lb 
Model:  0.012  -  0.023 
Prototype:  50  -  95 

Wave  Period,  sec 
Model:  3 
Prototype:  12 

Bed  Slope:  IV  on  25H 


Maximum  Breaker 
Wave  Height,  ft 

Model :  1.11 

Prototype:  17.8 


o 

2  3.0 


o  3.5 


I  4.0 

I* 


S  4.5 


a  5.0 


mmmmmmmmmmmmmm  Structure  Slope 


Initial  Location. 


N  =  966 
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MATERIAL  LOCATION  AM  111 


N  WAVLS 


Still-Water  Depth 

J_t 

Model:  0.5 

Prototype:  8.0 

Layer  Thickness 

,  ft 

Model:  0.125 

Prototype:  2.0 

Layer  llxtent. 

ft 

Model :  5 

Prototype:  48 

Material  Size, 

i  n. 

Model:  5/8  -  5/4 

Prototype:  10  - 

12 

Material  Weight 

,  lb 

Model:  0.025  -  0 

.  040 

Prototype:  05  - 

105 

Wave  Period,  see 

Model:  4 
Prototype:  10 

Bed  Slope:  IV  jon  J2 511 


Maximum  Breaker 
Wave_  He  i^J 1 1_  ,  t  t 

Model:  0.80 

Prototype:  12.8 
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MATERIAL  LOCATION  AFTER  N 

Still-Water  Depth,  ft 
Model:  0.5 

Prototype:  8.0 

Layer  Thickness,  ft 
Model:  0.125 

Prototype:  2.0 

Layer  Extent,  ft 
Mode  1 :  3 

Prototype:  48 

Material  Size,  in. 

Model:  5/8  -  3/4 

Prototype:  10  -  12 

Material  Weight,  lb 
Model:  0.023  -  0.040 

Prototype:  95  -  165 

Wave  Period,  sec 
Model:  5 

Prototype:  20 

Bed  Slope:  IV  on  25H 

Maximum  Breaker 
Wave  Height,  ft 


641 


Model:  0.68 
Prototype:  10.9 


MATERIAL  LOCATION  AFTER  N  RAVES 


MATERIAL  LOCATION  AFTER  N  WAVES 


Still-Water  Depth,  ft 

Model:  0.5 

Prototype:  8.0 

0.0 

Layer  Thickness,  ft 

0.5 

Mode  1 :  0.125 

Prototype:  2.0 

1.0 

Layer  Extent,  ft 

1.5 

Model:  7 

Prototype:  112 

*-> 

2.0 

Material  Size,  in. 

* 

2 . 3 

Model:  5/8  -  3/4 

3 

■M 

Prototype:  10  -  12 

u 

3 

3.0 

■M 

Material  Weight,  lb 

4h 

O 

3.5 

Model:  0.023  -  0.040 

Q> 

O 

H 

Proto*'  ':  95  -  165 

E 

o 

4.0 

<4-4 

Wave  Period,  sec 

•U 

U 

»— 

4.5 

Model:  4 

a 

■*-•> 

Prototype:  lo 

•H 

o 

5 . 0 

Bed  Slope:  IV  on  25H 

5 . 5 

Maximum  Breaker 

<>.0 

Wave  Height,  ft 

Model:  0.80 

<> .  5 

Prototype:  12.8 

7.0 
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MATERIAL  LOCATION  AFTER  N  WAVES 


Still-Water  Depth,  ft 

Model:  1.0 

Prototype:  16.0 

0.0 

Layer  Thickness,  ft 

0.5 

Model:  0.125 

Prototype:  -.0 

1.0 

Layer  Extent,  ft 

1.5 

Model:  5 

Prototype:  80 

2.0 

Material  Size,  in. 

♦-> 

2.5 

oT 

Model:  5/8  -  3/4 

u 

3 

Prototype:  10  -  12 

4-> 

a 

3 

3.0 

Material  Weight,  lb 

•M 

CO 

<4-4 

o 

3.5 

Model:  0.023  -  0.040 

0) 

o 

Prototype:  95  -  165 

H 

6 

o 

4.0 

Wave  Period,  sec 

O 

O 

c 

4.5 

Model:  4 

4-» 

Prototype:  16 

l/l 
•  H 

Q 

5.0 

Bed  Slope:  IV  on  25H 

5.5 

Maximum  Breaker 

6.0 

Wave  Height,  ft 

Model:  1.45 

Prototype:  23.2 

6.5 

7,0 
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MATERIAL  LOCATION  AFTER  N  WAVES 


Still-Water  Depth,  ft 
Model:  1.0 


Prototype:  16.0 


Layer  Thickness,  ft 

0.0 

0.5 

Model:  0.125 

Prototype:  2.0 

1.0 

Layer  Extent,  ft 

1.5 

Model:  7 

Prototype:  112 

4-> 

2.0 

Material  Size,  in. 

?  ^ 

o 

Model:  5/8  -  3/4 

p 

4-> 

Prototype:  10  -  12 

O 

P 

h 

*-> 

V) 

3.0 

Material  Weight,  lb 

<4H 

O 

3.5 

Model:  0.023  -  0.040 

a> 

o 

H 

Prototype:  95  -  165 

E 

o 

u 

4h 

4.0 

Wave  Period,  sec 

O 

O 

c 

4.5 

Model:  5 

rl 

4-> 

ifi 

Prototype:  20 

•ri 

Q 

5.0 

Bed  Slope:  IV  on  25H 

5.5 

Maximum  Breaker 

Wave  Height,  ft 

6.0 

Model:  1.12 

Prototype:  17.9 

o. 

7.0 

USO 


4 


I 
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Distance  from  Toe  of  Structure,  ft 
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MATERIAL  MOVEMENT  AFTER  N  WAVES 

Still-Water  Depth,  ft 

•■■■■■■■■■■■■■■■■■■■•■•■■■a 

■  ■■■•■•••■■••■••••■■■■•■■■a 

■  •••■■•••■•••■•■•■•••••■•■a 

■  •■■■■■•■■•■■■••■■■■■■••■•a 

Model:  0.5 

Prototype:  3.0 

0.0 

Layer  Thickness,  ft  n  ^ 

■  atiaaiBiaacBsaataaBaiiaiaa 

■  •■■■■■■■■■■■■■■■•■■■■■■■■a 

■  •■■■■-.........---a  'Ssv  ■  ■  ■  ■ 

Model:  0.125 

Prototype:  2.0  1>0 

Layer  Extent,  ft  t  t; 

Model:  3 

Prototype:  48  2  q 

+-> 

4-t 

Material  Size,  in.  ^25 

Model:  7/8  -  1.0 

■M 

Prototype:  14  -  16  ^  ^  0 

■M 

to 

Material  Weight,  lb  ^  ^  t; 

o 

o 

_ 

7  1 

Initial  Location 

Model:  0.064  -  0.095  g 

H 

Prototype:  39Q  -  765  e  a  n 

o  H  u 

Wave  Period,  sec  Sac 

Model:  4  5 

t/> 

Prototype:  16  Q  5.0 

Bed  Slope:  IV  on  25H  t;  c; 

Maximum  Breaker  6  q 

Wave  Heinht,  ft 

Model:  0.80 

6.5 

Prototype:  12.8 

7.0 
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MATERIAL  LOCATION  AFTLR  N  WAVES 

Still-Water  Depth,  ft 

■  ■■■•■•••■•■■■■■■■■■■■■■••A 

■  •■•■■■■■■■■•■•••■•■■•■■•■a 

•  ■■■■■■••■■■■■••■■■■■■•■■■a 

aaaaaaaaaaaaaaaaaaaaaaaaaaa 

aaaaaaaaaaaaaaaaaaaaaaaaaaa 

laaaaaaaaaaaaaaaaaaaaaaaaa  a  a 

•  a  a  a  a  a  a  0  ,  a  a  a  a  a  a  a 

Model:  1.0 

Prototype:  16.0 

*  0.0 

Layer  Thickness,  ft  n  <; 

aaaaaaaaaaaaaaaaaaaaaaaaaaa 

laaaaaaaaaaaaaaaaaaaaaaaaaafl 

aaaaaaa^  *  a  a  a  a  a  a  a 

'.V.V.V. Toe  of  Structure  a*V.V.V 

laaaaaa......  .......  a  Vi’  a  a  a  ■ 

Model:  0.125 

Prototype:  2.0 

Laver  Extent,  ft  !  <; 

Model:  7 

Prototype:  112  2  q 

«-> 

Material  Size,  in.  .it; 

Model:  1-1/4  -  1-1/2  § 

Prototype:  20  -  24  3  3.0 

Material  Weight,  lb  *o  x  t; 

Model:  0.136  -  0.322  § 

H 

Prototype:  7e>5  -  1320  e  a  n 

o  ^  w 
£ 

Wave  Period,  sec  o  a  x 

Model:  4  2 

Prototype:  16  050 

Bed  Slope:  IV  on  25H  t;  <; 

Maximum  Breaker 

Wave  Height,  ft 

Model:  1.45 

6.5 

Prototype:  23.2 

7.0 

N  =  500 

\  Initial 

\  ^Location 

a  / 

/  '  - 
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APPENDIX  C:  NOTATION 
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C 
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C 

P 
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g 
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«b 


H 
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B 

*D 

*F 

«K 

KL 

L 

L 

m 

L 

P 
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Wave  amplitude  witin  a  porous  structure,  ft 

Amplitude  of  incident  wave,  ft 

Amplitude  of  transmitted  wave,  ft 
2 

Surface  area,  ft 
Wave  celerity,  ft/sec 

Keulegan  model  numerical  multiplier,  dimensionless 

Keulegan  prototype  numerical  multiplier,  dimensionless 

Undisturbed  average  still-water  depth,  ft 

Bed  particle  diameter,  ft 

Model  rock  size,  ft 

Prototype  rock  size,  ft 

Fifty  percent  finer  of  a  material  by  weight,  dimensionless 
Hudson  damage  parameter,  dimensionless 
Effective  model  stone  dimension,  ft 
Effective  prototype  stone  dimension,  ft 

Base  of  system  of  natural  logarithms,  2.71828,  dimensionless 

2 

Gravitational  constant,  32.174  ft/sec 
Wave  height,  ft 

Maximum  breaking  wave  height,  ft 
Iribarren  breaking  wave  height,  m 

Significant  wave  height,  average  of  highest  one-third  of  waves,  ft 
Average  of  highest  10  percent  of  waves,  ft 
Wave  number,  2 n/\  ,  1/ft 

Rubble-mound  armor  unit  layer  coefficient,  dimensionless 
Model  scaling  coefficient,  dimensionless 

3 

Iribarren  breakwater  coefficient,  kg/m 

Rubble-mound  structure  armor  unit  stability  coefficient,  dimensionless 

Naheer  solitary  wave  friction  coefficient,  dimensionless 

Keulegan  model  scaling  coefficient,  dimensionless 

LeMehaute  model  scaling  coefficient,  dimensionless 

Underlayer  material  extent,  ft 

Model  representative  length,  ft 

Prototype  representative  length,  ft 

Keulegan  rubble-mound  parameter 

Number  of  quarrystone  or  concrete  armor  units  in  thickness  comprising 
the  cover  layer,  dimensionless 


C2 


N  Required  number  of  armor  units  for  a  given  surface  area  of  rubble- 
mound  structure,  dimensionless 

Ng  Stability  number,  dimensionless 

P  Average  porosity  of  cover  layer  or  core  section,  percent 

P  Porosity  of  model  structure  core  material,  percent 
m 

Pp  Porosity  of  prototype  structure  core  material,  percent 

S  Specific  gravity  of  rock  or  concrete  unit  relative  to  water 

(S  =  to  /u>  ) ,  dimensionless 
r  r  w 

S^^  Iribarren  specific  weight  of  cap  rock  metric  tons  per  cubic  meter 
T  Wave  period,  sec 

W  Weight  of  an  individual  armor  stone  in  rubble-mound  structure,  lb 
W^  Iribarren  cover-stone  weight,  kg 

W  Structure  width,  ft 

k'lJL  Weight  of  representative  individual  stone  in  underlayer  material 
section,  lb 

x  Arbitrary  horizontal  location,  ft 

y  Arbitrary  vertical  location,  ft 

or  Keulegan  dissipation  coefficient,  dimensionless 

AH  Height  of  incident  wave,  ft 

AL  Average  width  of  core  material  section,  ft 
0  Angle  of  rubble-mound  structure  slope  with  horizontal,  deg 
K  Darcy's  or  engineer's  coefficient  of  permeability,  ft/sec 
A  Wavelength,  ft 

2 

v  Fluid  kinematic  viscosity,  ft  /sec 
n  3.14159,  dimensionless 

2  4 

p  Density  of  bed  particles,  lb-sec  /ft 

S  2  4 

p  Density  of  water,  lb-sec  /ft 

W  2 

T  Maximum  shear  stress,  lb/ft 

max  ’  ^ 

u>  Unit  weight  of  rock,  lb/ft 

r  3 

to  Unit  weight  of  water,  lb/ft 


